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Mixing driven by buoyancy-induced flows inside a cavity consists of stretching and folding of an
interface. Measurement of the flow field using particle imaging velocimetry shows that during stretching
the flow field has a single eliptic point, thus dominated by a single vortex. However, global bifurcation that
results in folding introduces a hyperbolic point whereby the flow field degenerates to multiple vortex
interactions. The short-lived coherent structure observed during mixing which results in the Rayleigh-

Taylor morphology is attributed to vortex interactions.

I ntroduction

The mixing characteristics of non-homogeneous
fluids driven by buoyancy are important towards
understanding transport phenomenon in a microgravity
environment. Mixing consists of stretching and folding of
an interface due to a flow field whose intensity depends
on the body force. For miscible liquids, the characteristic
of the flow field determines whether mass transport is
governed by diffusion or bulk stirring which induces
mixing. For technologically important processes, transport
of mass is governed by the coupling of the body force to
scalar gradients such as concentration and or
temperature™®® . In order to lend insight into these classes
of problems we consider a model experimental system to
study mixing driven by buoyancy-induced flows. The
characteristics of mixing is addressed from detail
measurements of the flow field using particle imaging
velocimetry (PIV), and its corresponding interface
dynamics using image processing techniques.

Two-dimensional flow field measurement using
PIV has become a common method® to quantify
instantaneous velocity fields. PIV yields the Eulerian
velocity field. Its advantage over alternative methods such
as Stereo Imaging Velocimetry which obtains the
Lagrangian history of alimited number or particles, is that
it allows the measurement of complex flow patterns. The
basic mono 2-D PIV system can be extended to stereo
configuration to measure the 3-D flow field. Alternate
methods to measure 3-D flows include stereoscopic
tracking velocimetry®. In addition to flow field
information, differential quantities can also be estimated,
for example 3-D applications of PIV have been used to
measure the velocity gradient tensor field for turbulent
flows’. Measurement of complex fields occurring during

fingering displacement of a miscible interface’  has
shown PIV to be a viable method for microgravity
experiments. The PIV  technique adlows detail
measurement of transient flow fields which is an important
application towards our model problem.

We use PIV to measure the transient
characteristics of flow fields due to buoyancy- induced
mixing. The Lagrangian history of the interface motion is
also measured in order to corroborate the length stretch
history of the interface with the flow field. For certain
parametric region the intensity of the flow field causes the
interface to stretch and fold. Folding of the interface
generates an internal breakwave which has a whorl-like
structure similar to the Rayleigh-Taylor morphology. The
global bifurcation of the flow field shows that stretching is
due to an dliptic point in the flow field. This event is
caused by an overturning motion of the flow field. The
eliptic point bifurcates to a hyperbolic point during
folding which gives rise to an internal breakwave.
Catastrophic annihilation of the breakwave follows due to
wall collison. The collison event causes sloshing
oscillation of the two fluids which decays rapidly to a
stably stratified configuration. Details of the flow field
show that the oscillation causes transient vortices which
serve as a stirring mechanism to induce mass transport.

In the following we show the experimental set-up
to measure the flow field and to quantify the interface
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motion. The characteristics of mixing are deduced from
corroboration of the interfface dynamics and its
corresponding flow field. We show that the length stretch
history of the interface follows the dynamics of the flow
field.

Experimental System

Mixing driven by buoyancy-induced flows is
characterized by measuring two components of the
system: dynamics of the flow field during stretching and
folding using particle imaging velocimetry and the
Lagrangian history of the interface. The experimental
system used to measure the two components of the system
is illustrated in Figure 1a, b. We first describe the
experimental set-upused for interface tracking and then
the flow field measurement.

Interface Tracking

The experimental set-up used to follow the
Lagrangian history of the interface motion, measure its
length, and remove the divider to establish the initial
condition is shown in Figure 1la. An incoherent light
source from Orid illuminates the test cell uniformly, using
a uniform light source sphere. The motion of the interface
is captured by a Sony camera and recorded on a Panasonic
time-lapse video recorder for off-line processing. The
Stereo Image Processing Software (SIV) developed by
Bethea et a. 1997° and the commercial CorelDraw 8
packages are used to locate the position of the interface.
The steps of the algorithm to measure length of the
interfface are as follows: (a) a smoothing filter is
implemented to remove noise from the image, (b) the
trace contour filter of the package is used to detect the
interface between the two fluids, and (c) the image history
function is used to obtain the number of pixels of the
interface. Since the length stretch of the interface is
proportional to the number of pixels, its measurement is
determined by counting the number of pixels. The initial
condition is established from removal of the divider. The
motion of the divider is controlled by specifying a desired
motion trgjectory on the Compumotor indexing drive that
is communicated to the stepping motor. The desired
motion trajectory has three parts: (i) a motion with an
initial acceleration to constant velocity, (ii) a constant
velocity motion, and finaly (iii) a motion with a specified
deceleration to a zero velocity. These steps allow precise
control of the divider motion in order to establish the
initial condition.

The test cell consists of an enclosure with height
(H), width (L), and depth (W) with respective dimensions
of 5cm, 5cm and arange of 0.2 to 5cm for the depth. The

range of depth allows simulation from two-dimensions,
similar to a Hele-Shaw cell, to three-dimensional
configuration. For the measurement of the flow field using
PIV, we used a depth (W) of 1 cm. The enclosure is made
from transparent acrylic material to allow for visualization
of interface dynamics. The liquids are introduced inside
the two chambers through bleeding ports at the top of the
cavity using a syringe with a hypodermic needle. The
enclosure consists of two sections, 2.5cm each, separated
by a thin polyethylene divider of thickness 0.0lcm. The
two compartments are sealed by keeping the test cell
under compression using adjustable spring loaded clamps
at the four corners of the cell, and by using a thin film of
vacuum grease between the two compartments. The
vacuum grease is very effective for sealing the
compartments against leakage as well as to reduce friction
when the divider is removed in order to establish the
initial condition.
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Figure 1.—(a) Experimental set-up to quantify the interface motion. (b) Experimental set-up for
Particle Imaging Velocimetry.

Particle |maging Velocimetry

Image Acguisition

Measurement of the flow field using particle
imaging velocimetry (PIV) consists of image acquisition
and cross correlation of the images. The sequential images



for PIV analysis are obtained by an 8-bit, (1008*1008)
pixel, ES-1 cross-correlation camera made by Redlake.
The camera operates at 15 Hz; therefore it takes two
images every 133 msec. The time interval At between
these two images can be adjusted from a few
microseconds to 32 msec. PIXCI imaging board from
EPIX is used to capture the images. Timing control on
the camera is established by TWAIN software package
from Redlake. The test cell isilluminated by a Continuum
200 MW, 15 Hz Nd:YAG pulsed laser. A laser sheet is
generated by an optical front-end which consists of a
series of plano-concave and cylindrical lenses. A typical
thickness of the laser sheet in the center of the test cell is
approximately one mm. An aqueous suspension of small
polystyrene particles of diameter 25 um and density 1.05
gnvem®, obtained from Duke Scientific, is used to seed the
flow. The seeding density is adjusted such that there will
be approximately ten particles within a sub-image of
(32*32) pixels.

Deter mination of Velocity Field

In order to determine the velocity of the seeding
particles, a cross-correlation analysis is performed on two
images separated by At = 15 usec. Asillustrated in Figure
1b, each image is divided into (32*32) pixel sub-images
and a cross-correlation analysis is performed between the
sub-image at time t and the sub-image at time t+4t. If the
intensities of sub-images are indicated by I,(x,y) and
I5(x,y) then the cross correlation is determined by

I(s.S,) = 2 1L, (xy)*1,(x-s,y-5,) ()

The summations are evaluated at locations (x,y) within
sub-images;, s, and s, denote the shifts in x and y
directions, respectively. The correlation plane defined by
s and s, shows a peak at location (V* At) where V is the
magnitude of the average velocity of the particles within
the sub-image. The velocity field for each pair of
acquired images is obtained by the PIVPROC software
developed by Wernet et a. 2001°. Since the PIV
technique determines average displacement of a group of
particles in a sub-image, the resolution depends on the
size of the sub-image used. A typica rule of thumb is to
seed the flow field such that there are at least 10 particles
within a chosen sub-region for a reliable cross-correlation
analysis. In our experiments the flow field was seeded
such that a sub-region of size 32x32 can be reliably used
for cross correlation analysis. If the fluid needs to be low
seeded one has to increase the size of the sub-image. In
our experiments (30*30) velocity vectors are determined
in (50mn*50mm) test cell therefore the resolution of the
quantification technique is 36 velocity vectors'cm?. The
maximum particle velocity is limited by the speed of the

divider, which has an upper limit of 50 cm/sec. Since the
two images are separated by At = 15 usec then it follows
that the particle with the highest velocity can travel only
750 um. Since the actua size of the sub-image is 1500um
then it is expected that most of the particles will stay
within the sub-image during cross-correlation.

The size of the sub-image also determines the
accuracy of the velocity vectors for particles close to the
boundaries. For a sub-image size of 32x32 pixels, the
first velocity vector will be placed 16 pixels away from
the boundaries. In our experimental set-up, 16 pixels
correspond approximately to 0.8 mm distance from the
test cell boundaries. One can aways decrease the size of
the sub-image to 16x16 pixels or even lower at the
expense of a reduced number of particles within the sub-
image; however, this causes a reduced resolution in the
determination of velocity vectors.

One other source of experimental limitation in
any PIV analysisis the lack of clear visibility of particles
within a sub-region. In our experimental set-up two
sources are identified for the lack of clear visibility; oneis
the diffraction of the laser sheet around the corners of the
test cell and two is the vacuum grease that is used to avoid
leakage between the two halves of the test section. In
order to minimize the first problem the test cell is placed
such that the minimum thickness of the laser sheet isin the
middle of the test section. In addition the average
thickness of the beam is adjusted to be approximately one
mm. The second problem causes a lack of visibility on the
vertical line separating two sides of the cell. It is estimated
that the thickness of this grease seal line is approximately
0.1 mm. If the test cell is not placed orthogonal to the
cameras, the image of this line can exceed 0.1 mm which
further decreases the visibility.

Experimental Par ameter

To investigate mixing driven by buoyancy-
induced flow field, we used dilute mixtures of deuterium-
oxide with de-ionized water. These two liquid pairs
emulate approximately the limit of zero jump in viscosity.
For color contrast we used methylene blue dye for fluid A
with a concentration of 0.004% , depending on the desired
contrast we either kept fluid B clear or used a red dye,
bromopyrogallol red with 0.005% concentration. The
specific gravity was measured for the fluid pairs using a
calibrated hydrometer (Chase Instruments) with a range
from 0.9950 to 1.0110 which has a precision error within
+0.00005. The density can be calculated from the specific

gravity using (s=p/p, ), thus (AS/:_S=Ap//_J) in which
sand ,_) are average values. The reference values for the



density of water p, (p, =0.997040gm/cm® a 25°C)
and its kinematic viscosity’® are taken a ambient
laboratory condition. For the flow field measurement, we
use Ap/;=0.00259 for a jump in density with a
corresponding Grashof number of Gr=3.18x10°. The dye
concentration is kept the same for al fluid pairs. The
contrast between the blue and clear or red region
facilitated tracking of the interface asit evolvesin time.

Description of Experimental M odel

The experimental model for which we measure
the flow field is shown in Figure 2. Two viscous miscible
liquids inside an enclosure with an initially prescribed

density p, > p, is subjected to a steady body force
g, =ng, .
standard acceleration of gravity g, on Earth (n=1) can be
reduced as in an environment such as the International
Space Station (n=1x10"°). The density field is coupled to
the body force, thus impending maotion of the two fluids
occurs without any stability threshold for ground-based
laboratory conditions. The two fluids are separated
initially by a divider. Initia contact of the two fluids is
established by removing the divider with a prescribed
velocity U_. The removal of the divider introduces an
impulsive disturbance on the interface for a short time
duration (7 ), which is much smaller than the time scale

for bulk fluid motion that deforms the interface. This
impulsive velocity may be described by

The ratio n denotes a factor by which the

V(L/2y,zt) =U,[s()-6(t-2)] (D

where O(t) represents a step function at time t=0, and
r=H/U_ is the pulse duration which depends on the
prescribed pulling velocity U, . Theideal initial condition
corresponds to U_=0.0 which means that the divider is

suddenly removed without any initial disturbance. Such an
ideal condition is highly desirable since it implies that
symmetry would be preserved in the system as the
interface deforms due to the buoyancy-induced flow field.

Thetotal initial energy of the system,
1 312
ET ZEVOI[,dJo +ngoHAp] (3)

consists of the injected kinetic energy due to removal of
the divider represented by the first term, and its potential

energy given by the second term, in which V,; =WHL and

Ap = p, - p,. There is a delicate balance between the

potential energy available for interface deformation and
the injection kinetic energy. If theinjection kinetic energy
is much greater than the potential energy then the initial
disturbance is superimposed on the entire time history of
the transient mixing process. However, the injection
kinetic energy can be tuned such that the interface evolves
nearly symmetric.
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Figure 2.—lInitial configuration of two fluids at an
interface.

The interface motion, for the study of mixing, is
described by the advection-diffusion equation

- vIC=DVC ()

This equation describes the motion of an initial line at that
the interface for 2-D motion or aflat surface in 3-D. For

the heavy fluid on the left C, =1, the light fluid on the
right C; =0, and the interface has the prescribed value

C = 05. The nature of the flow field determines whether
or not Equation (4) islinear or nonlinear. The flow field

V=V(x,y,zt;A) ()

as a function of its parametric space A can either be
measured using PIV or computed using the approximate
mean field Boussinesq equations,



_a\7+(\7 VW= Vp+ W + 05 (6) in which /¢(t)is a measure of the elongation of the
P ot =TVerav r9 interface as a function of time and /, is the initial length

of the interface at time zero.

The density field in Equation (6), taken independent of
pressure, is coupled to the concentration field via

p=pd+pAC) (7)
inwhich S =1/ p-dp/oC.
Since there is no change of volume during ideal mixing,
the condition of incompressibility is satisfied,
VeV =0 (8)
Scaling analysis shows that the parametric space becomes
A =A(Gr,Re Ar,X) (9)
in which the Grashof number (Gr), impulsive Reynolds

number (Re), aspect ratio (Ar) and Schmidt number (Sc)
are defined as

Gr 2 —, Re=—=%

_Apng,H® U,H w v
/; v v H

The Grashof number, the ratio of buoyancy to
viscous forces, represents the intensity of the flow field.
The impulsive Reynolds number is a measure of inertial
forces relative to viscous forces in the system over a short
time scale relative to the advection of the interface. Note
for the ideal condition™, in which there is no initial
disturbance at the interface (U, = 0), the parametric space

A, reduces to three parameters
A, = A (Gr,Ar,X) (1)

which implies that the divider is removed instantaneously
without any disturbance to the flow field.

Numerical studies™ show that mixing can be
characterized using various descriptors. length stretch
ratio (£), interface width of the mixed region and the
local mixing efficiency. We use the dimensionless length
stretch asametric in our experimental studies defined as

oty—o,

L(t) = (12)

(o]

Experimental Results

The mixing characteristics of two miscible liquids
due to buoyancy-induced flow, from measurement of its
flow field usng PIV and its corresponding interface

dynamics, are shown in Figure 3a-d. For Gr = 318x10°,
Sc=500, Re=1500, Ar=0.2, and Sc=500, the essence of
mixing is illustrated; stretching and folding of a pseudo-
materia interface from itsinitial to its final configuration.
The details of interface stretching are shown in Figure 3a.
According to Equation (6), the flow field is caused by a
hydrostatic pressure imbalance due to the body force.
Note that a body force under microgravity condition

10°° g, implies that the initial configuration would be

stabilized as shown for t=0. The intensity of the flow field,
asimplied in Equation (5), gives rise to the nonlinearity in
the field Equations (4,6,8), which causes stretching and
folding. Insight on the effect of the impulsive velocity of
the divider may be obtained from the viewpoint of a
conservative system as shown in Equation (3), which says
that the total initial energy consists of a balance between
kinetic and potential energy. For Re=1500 the potential
energy is dominant over the kinetic energy, thus as shown
for 0<t<3sec, the stretching of the interface is nearly

smooth though asymmetric as the bottom fluid penetrates
further than the top.

The net effect of removing the divider is shown
at t=1.4 sec in Figure 3a. Two counter-rotating cells are
formed near the top of the cavity superimposed on the
bulk flow field caused by the buoyancy-induced flow.
Within a short time interval of At =1.6sec, at t=3.0 sec
the buoyancy-induced flow becomes dominant and the
effect of the cells due to the divider motion dissipates.
The rotational motion of the flow field gives birth to a
vortex which has a single elliptic point at the center of the
cavity. Stretching of the interface is caused primarily by
the elliptic point. The computational model that considers
the ideal problem also predicts that the genesis of the flow
field is an elliptic point™*2. The fact that induced
perturbations of the divider motion on the bulk flow field
quickly dissipates (t=3.0 sec) show that the 2-D unsteady
ideal model can adequately represent the flow field over a
limited range of Reynolds number. The maximum
stretching of the interface caused by overturning motion
of the flow field occursin the neighborhood of t=5 sec.
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Figure 3.—(a) Stretching of interface due to buoyancy-
induced flow and corresponding velocity field,
Gr = 3.18x106, Re = 1500, Ar = 0.2.

As the interface evolves beyond the stretching stage,
folding occurs which gives rise to an internal breakwave
(t=7 sec, Figure 3b), with the ubiquitous feature of the
Rayleigh-Taylor morphology. The roll-up features near
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Figure 3.—(b) Folding of the interface which yields internal breakwave.

the top and bottom edge of the structure is difficult to
capture using image processing. The resolution of the
concentration boundary layer near the wall in another
shortcoming that is difficult to assess. To show additional
details, in addition to the contour levelsin the left column
based on intensity, we also show in the right column the
missing details obtained from contour tracing. Finding
two fluids with color contrast which would show a sharp
image of the roll-up structure poses an experimental
challenge. In addition, measurement of the length stretch
of the interface is also challenging because of local mass
diffusion in the neighborhood of the roll-up feature. Part
of the difficulty is due to enhanced local mass transport
that accompanies the folding because of the existence of
hyperbolic points in the flow field. Note that at this stage
asymmetry of the structure becomes more pronounced.

In contrast to the stretching event of the interface
caused by a single vortex rotational motion, the folding
event is caused by a global bifurcation of the flow field



which gives rise to the birth of a hyperbolic point, t=5.6
sec. The two co-rotating vortices are separated by the
hyperbolic point. The vortices shown by the vector field
form a homoclinic orbit. Similar homoclinic orbits have
been shown™ to occur in a similar folding structure at a
lower Grashof number. The folding is caused by local
stretching and contraction due to the intersection of stable
and unstable manifolds near the hyperbolic point. Thus
the hyperbolic point serves as an organizing center for
which folding which gives rise to the short-lived coherent
structure occurs.

Collision of the whorl-like structure with the wall is
shown in Figure 3c. This catastrophic bifurcation
annihilates the structure and produces a locally mixed or
homogeneous region. The collison event (t=10.4 sec)
gives rise to an explosive bifurcation which causes the
birth of six vortices. This event decays through sloshing
oscillations.
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Figure 3.—(c) Catastrophic annihilation of interface break-
wave due to wall collision.

In Figure 3d, we show a complete cycle of the
oscillation. At the equilibrium configurationst=13.4, 17.6,
22.0 sec the flow field has a single vortex. Sloshing to the
right (t= 15 sec) or the left (t=22 sec) causes destability of
the flow through shearing motion which gives birth to
multiple vortices. The shearing motion is caused by a
global change in flow direction from a counter-clockwise
(t=13.4 sec) to clockwise twist flow with each oscillation.
The decay of the oscillation results in a stably stratified
configuration, Figure 3e, with alocally mixed diffusive
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Figure 3.—(d) Oscillation of interface.

band at the interface due to loca mass transport.
Destabilization of the flow field due to induced shearing
motion causes a slow decay of the vortices. The two fluids



then become homogeneous over a much longer diffusive

timescale (T, = H?/D,,).
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Figure 3.—(e) Stable stratification of interface.

Time history of length stretch of interface and flow
field

The Lagrangian history of the length stretch of the
interface contains the continuum mechanics of mixing
driven by buoyancy-induced flow. The time history of
length stretch L£(t) of the interface, measured using image
processing techniques, is shown in Figure 4 for

Gr=318x10°. The interface stretches exponentially over
thetimeinterval 0 <t <8.75sec. The corresponding
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Figure 4.—Time history of length stretch of interface,
Gr = 3.18%x108, Re = 1500, Ar = 0.2.

stretching and folding events occur within the sub-
intervals of 0<t<50sec and 50<t<875sc

respectively. Collision of the whorl-like structure with the
wall occurs over a very short time interva
8.75<t <9.0sec. This event causes local contraction of

the interface. The time history of length stretch of the
interface show a skewed-Gaussian distribution, the
skewness is due to the catastrophic collision of the whorl-
like structure with the wall. Due to the breakup of the
interface there is a sharp drop after the maximum length
dtretch. The wall collision gives rise to doshing
oscillations caused by an internal traveling wave. The
decay of the wave behaves similar to a damped oscillator.
The decay frequency of doshing oscillations for the
interval  9.0<t <40.0sec shows that the interface

exhibits underdamped oscillation with a nearly periodic
frequency.

The time history of the magnitude of maximum
velocity, shown in Figure 5, indicates the flow field is
inherently transient. The interval corresponding to
stretching, folding, and collision 0 <t < 9.0sec, indicates

that the flow field is aperiodic. The pulling velocity of the

3.0
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Figure 5.—Time history of maximum velocity magnitude
from flow field measurement using particle imaging
velocimetry, Gr = 3.18x106, Re = 1500, Ar = 0.2.

divider was u,, = 3cmy/sec, note that the ensuing flow field

has a dlightly greater magnitude V. z3.3cm/sec,

indicating that the pulling velocity did not have much
effect on the flow field. This value compares well with the
prediction of a conservative system with no dissipation as
in Equation (3). Equating Equation (3) to the kinetic
energy of the flow field gives an expression for the
maximum characteristic velocity

Ue = |Us +ng, 22 H - (13)
P

The predicted value U, =3.6cm/sec is in agreement
with measurement; the larger value is due to the neglect of



viscous dissipation. For the interval t>9 sec, as the
interface approaches stable stratification, the decay
frequency f=0.12Hz is in agreement with the frequency
shown in Figure 4 obtained from interface motion. This
implies that the motion of the flow field drives the
dynamics of theinterface.

Summary and Conclusions

We studied the mixing characteristics of two
miscible viscous fluids driven by buoyancy-induced flows
by following the Lagrangian history of the interface to
measure its length stretch as well as its associated flow
field using particle imaging velocimetry. The use of the
PIV technique facilitated probing of the global bifurcation
of the flow field We show that mixing occurs through
stretching and folding of an interface when the initial
potential energy that can be quantified by a Grashof
number is near a critical threshold. The approach to
symmetry of the short-lived coherent structure is
dependent on the injected kinetic energy in the system.
The attributes of the whorl-like structure can be described
as an internal breakwave with a Rayleigh-Taylor
morphology. Catastrophic bifurcation of the whorl-like
structure occurs through wall collision. The collision
event decays through sloshing oscillations with a resulting
diffusive band at the interface denoting local mass
transport.

The global bifurcation of the flow field shows
that the genesis of stretching occurs through an elliptic
point which loses stability to a hyperbolic point. The
hyperbolic point serves as an organizing center for
folding. The system gains stability, after the decay of
doshing oscillations. Destabilization of the flow field
during sloshing through shearing motion gives hirth to
multiple vortices which serve as a stirring mechanism to
enhance local mass transport at the interface region.
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