Break-Off of an Air Bubble within a Thin
Oil Layer

Honors Undergraduate Thesis by

Brooks Campbell

The University of Texas at Austin

Department of Physics

Center for Nonlinear Dynamics

May 2007



Acknowledgements

Funding for this work was provided by a Schlumberger UndergraduaseaRch
Fellowship.

| would like to thank Harry Swinney for providing invaluable guidanceughout this
project. He has made this project the high point of my undergraddatation, and it has been
an honor to work with such an accomplished physicist.

| thank Matthew Thrasher for helping me in the lab on a delis. He has taught me
the ins and outs of the entire experimental process showing geggiitiand expertise. On
many, many occasions he stopped his own work, even in the midstdiseertation, to help me
whenever | asked. | couldn’t have asked for a more helpful and friendly mentor.

I would like to thank Mark Mineev for providing helpful discussiongha theoretical
aspects of this project.

| also thank my parents, Aaron and Michele, brother, Hunter, and pgnamds, Dom,
Bop, Glen, and Viv, for all of their love, support, and prayers throughouptbjsect and my

entire college career.



Table of Contents
Abstract

Introduction
1.1 Bubble Break-off in Hele-Shaw cells
Background
2.1 Hele-Shaw Cells
2.2 Hele-Shaw flows
2.3 Self-similarity and Scaling during Bubble Break-off
2.4 Leeet al.
2.5 Viscous Fingering and Bubble Break-Off
Methods
3.1 Experimental Apparatus
3.1.1 Experimental Approximations to Theory
3.1.2 Apparatus Design
3.1.3 Silicone Ol
3.1.4 Apparatus Assembly
3.2 Procedure
3.2.1 Rectangular Cell and Lee’s Experiment
3.2.2 Radial Cell Procedures
3.2.3 Imaging
3.3 Data Analysis
3.3.1 Image Analysis
3.3.2 Comparison to Theory:
A Correct Fitting of Theoretical Parameters
Results and Discussion
4.1 Comparison of Experimental Results to Theory
4.2 Discussion
4.2.1 Theoretical Assumptions and Their Physical Realizations
4.2.2 How to Modify the Experiment
Appendix A: MATLAB Function Summaries
Bibliography

14
14

17
19

22

23

27

27

29

34

34

37

40
44



Abstract

We examine the process of bubble break-off in a fluid confined betwesrtlosely spaced
parallel plates (called a Hele-Shaw cell) to test a thedrconnection between this process and a
well studied body of mathematics. Bubble break-off here is theegsoeith a bubble of a less
viscous fluid surrounded by a more viscous fluid breaking apart itdtwbles. In our case an
annulus of air surrounded by silicone oil undergoes a break-off evem¢cimme a simply
connected domain of air. The Hele-Shaw cell confines the fluid ®i-tua-dimensional flows.
Leeet al. have provided a theory detailing the time evolution of a bubble agterindergoing a
break-off event in a region near the point of break-off. We celliebtgh-resolution images of
bubbles breaking off at 200 to 1000 frames per second and compared theexjadinterface
to the theoretical one. We found that the theory was accuragerégion about 50 b (where b is
the thickness of the oil layer) for times before break-off. idhdata analysis does not indicate
any time scaling law associated with our bubble break-off, which amtiots theory. At this
time we are currently working with the theory and data to fimdnger results indicating or
disproving a connection between the two. Further analysis must betaaatermine if our
experimental conditions match those required by the theory sinceugyested experimental

conditions in Lee’s idealized situation are difficult to realize in a phlysiycsaem.



Introduction

1.1 Bubble Break-off in Hele-Shaw cells

Quasi two-dimensional fluid flows have become an important divisioruiaf dlynamics. These
flows are directly relevant to recovering oil from reservdiecause of their mathematical
equivalence to flows in porous media.

Hele-Shaw cells, which consist of a narrow gap between twaplaigvide a viable way
to study fluids in a quasi two-dimensional setting. In our cas@btiese plates has one or two
inlets that | use to inject fluids into the gap. When two immiscible fluids, suain asd silicone
oil, are injected into the cell, a sharp interface forms betwbem. These cells are useful
experimental tools because they allow fluid interactions to by @asged without the use of
dyes or other involved imaging techniques—a luxury rarely experienceddrrdisearch.

The purpose of this paper is to test a theorized connection bedwestiensive body of
well-established mathematics and bubble break-off in a Hele-8elhwBubble break-off is the
term for what happens when a single bubble of fluid separatesvotoubbles. More generally
break-off occurs when a multiply connected domain reduces the numbenradctions by one.
In particular | examine the case in which an annulus of air undesgsexjle break-off event
and becomes a simply connected bubble. By manipulating pumping rates of tharftlishich
fluid is pumped, | arrange for air bubble break-off to occur and take high-resolution photos of the
event.

Leeet al have provided a theory that describes bubble break-off in an idesyigtenn, a
purely two-dimensional geometry where the interface betweeituids has zero surface tension
[1]. The result is a set of functions that predict the timeutiol of a bubble interface near the
region of break-off both before and after the event. They show thasdlwion is a
dispersionless limit of the ANKS hierarchy (dANKS), a wedtablished body of mathematics
dealing with nonlinear dynamics, solitons, and integrable systédnth makes connections to
guantum, optical, and hydrodynamic physics. Experimental confomaii this theory could
lead to further extensions of the dANKS hierarchy and a better staddmg of Hele-Shaw

flows and phenomena.



Background

2.1 Hele-Shaw Cells

When a second liquid is injected into a Hele-Shaw cell, the twadainke fluids will form a
sharp interface that can be manipulated by pumping the fluids in or out. Hele-3lsgwasede

a particularly nice experimental setup because they are dgmaeale of two transparent plates,
glass or Plexiglas in our case, which allow for convenient imaging oluideriterfaces.

Hele-Shaw cells are named as such because they were battondance with the
experimental conditions described in a theoretical paper writtdth. yHele-Shaw in 1898 [2].
Most theories of Hele-Shaw flows model the system in a ptmaydimensional manner so the
gap is usually very narrow.

In this paper we conduct experiments in two different Hele-Sledle: cFirst a radial cell
which is made of two circular plates of glass with a €inglet in the center; the second cell is
rectangular and has two inlets along one of the diagonals of tles pfag). 1). In addition to its
experimental convenience, fluid movement in a Hele-Shaw cellgeactical topic to study

because they are mathematically equivalent to flows in porous mateyighesflow of oil when

gl ol > air ail

Figure 1: Top Left: Side View of a rectangular Hele-Shaw cethvitvo inlets in the top plate.
Top Right: Top view of a circular Hele-Shaw cell with a stnigllet in the center. Bottom: A
sample interface between an air bubble surrounded by silicone oil inside of 8Ha&becell.



it is extracted from reservoirs of porous sand or rock [2]. For ariggen of these cells

including their exact dimensions please see the Methods section 3.1.

2.2 Hele-Shaw flows

Hele-Shaw flows were first examined in 1898. In Hele-Shawigira paper he derived
equations of motion for these quasi two-dimensional flows. Belowdseri@ation describing
flows in a Hele-Shaw cell, which is an assumption made in lLasgization of the self-similar
result.

Begin with the Navier-Stokes equation whétes the velocity vector/ is density, and

U is the dynamic viscosity as noted in Fig. 2 [3].

av ok NP o
dt+Lv>N)y Aty (1)

The two terms on the left side of the equation can be neglectedtbadeiowing assumptions.

The dv/dt term can be neglected if we assume steady flow,(@dd)v can be neglected if we

assumeV is small so thatv? is higher order and negligible. Under these assumptions we
conclude the following.
NP Rev=0 (@)
P
Then by multiplying by/ we convert the kinematic viscosity, to the dynamic viscosity/?
sincel// =11. | assume that the fluids are incompressible so the defsityconstant. Then by

moving the first term to the other side and separating the vegt@tion into three equations we

get equations 3-5.

A f y VX

bI v, (2)

>

Figure 2: We examine the case of fluid flow between two plates wdréy a single fluid is
present. The gap thickneds, velocity profile, vx(z), and the coordinate system used in the
derivation below are defined here.
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Now we assume that the pressure gradient is only non-zero ir diection and that the

velocity is only in the direction of the pressure gradient. Thezetoe left and right sides of

2 2
equations (4) and (5) are zero. Then in equationfi(j%\% and dd \ZX both go to zero because we
y ,

assume that the equation is invariant under translation. This leaves us with acuagien.

2
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Integrating equation (6) two times with respectzowe get equation (7) which is known as

Poiseuille flow.

dp 7
v(z)= d—?( > +Cz+D (7

X

1
m
We now examine the boundary conditions required by the no slip conditiorslipNmeans the

flow velocity at each of the plates is zero vf(z=0)=0 andv,(z=b)=0. The first condition

1 dp b
determines the value dD to be0. Then, the second condition says thet - 777 a E .

Substituting these two conditions into equation (7) give‘s!x(@.

Next we calculate the average velocity in thdirection <VX(Z)> which is done by integrating

equation (8) from0 to b and dividing byp. After some algebra the result is the following.

(w(2) = (Nlo)%77 (©)



Equation (9) is known as Darcy’s Law and governs the flow of the fluid in a$teder cell; it is

also an assumption made to derive the results found in Lee’s paper.

2.3 Self-similarity and Scaling during Bubble Break-off

A number of papers that explore different break-off events hage peblished with varying
results. In general these papers characterize break-dff avigcaling law relating the neck
thickness to the time until break-off occurs. If such a lavousmd then a process is said to be
self-similar. Self-similarity means that there is at mdrthe interface that can be rescaled to a

time-invariant shape. Generalized scaling laws take the fb(%)nu t?. In the case of linear

scaling, & =1, the outer bubble interfaces approach each other with a constarityvaothe
neck thins towards break-off.

Burton found a scaling with t for bubbles of nitrogen breaking off feomozzle in a
viscous fluid of high viscosity and a scaling witfs for surrounding liquids of low viscosity [4].
In the case of alignetHe crystals merging near 0.32 K Ishiguro found a scaling law’dst.
Bergmann found that break-off events involving an air bubble breaking off in water isictbt st
self-similar, but in a limiting case they found*& scaling [6]. Cohen confirmed self-similarity
for the case of a two fluid drop snap-off problem in which both fiisdosities are large and
approximately the same [7]. Zhang extended these results to atmouistosity ratios ranging
from 1/16 to 16 [8].

Unlike this paper, most published results, such as all those listatei previous
paragraph, explore bubble break-off in a three dimensional regimmuple papers exploring
phenomena in a Hele-Shaw cell observed break-off events, but it wakentdpic of their
studies [9], [10]. To my knowledge there are no systematic studies of bubldeobirgra quasi

two-dimensional setting.

2.4 Leeet al.

Lee’s paper predicts bubble break-off in a Hele-Shaw cellsilfesimilar process [1]. Lee has
provided a functional representation of the break-off region with cosstarsiccount for scale,
symmetry and drift. The purpose of our experiments is to disemkexplore the extent of the
physical parameters in which this theory is correct.

Lee’s model makes strictly non-physical assumptions includifgcitension equal to



zero, incompressibility of both fluids, and zero viscosity for one ofwleeliquids (the air). All
three of these assumptions are not true in the physical worldyvbeovwapproximations can be
achieved by choice of fluids and experimental parameters.

Lee places constraints on the conditions of the bubbles before anbtiratikroff. The
theory requires that the bubbles maintain equal pressure beforet@mbrafk-off occurs. This
condition means that instead of having two separate bubbles afeakadif, it must still be one
connected domain of air after separation so it is clear the budadesill at constant pressure.
This has been the most difficult condition to meet for reasons tlidtevexplained in section
3.2.1.

Lee et al. suggest an experiment in their paper to satisfy these conditiimsy begin
with a single air bubble in a Hele-Shaw cell that contains theis through which air may be
withdrawn as shown in Fig. 4. They connect these two inlets to e gigpe and withdraw air
through both inlets until the two bubbles are sufficiently smallttiney are required to separate.
In theory this would be a convenient way to observe this phenomenon; howether course of
our experiments we found this approach to be impractical (seeot#etB.1 for a further
explanation). Therefore, in order to meet this restraint wated an annulus of air in oil and
then caused a single break-off event to occur so that a simplyatedraer bubble remained and
thus the equal pressure condition was satisfied.

In this theory, under an assumption that the region of break-oflich smaller than the
size of the entire bubble, a linear scaling law is predicted éforé break-off. That is the
interfaces should approach with a constant velocity. In a personahwapation with Eldad
Bettelheim, the second author of Lee’s paper, we were told téd cissumption is not met then

the break-off is still self similar but they didn’t know how to write the solutiglieixy.

2.5 Viscous Fingering and Bubble Break-Off

Both ease of experimentation as well as relevance to thelaetr industry have fueled
extensive research on Hele-Shaw flows. A sizable portion ofréisisarch explores viscous
fingering, which results from pumping less viscous fluid into a nwgeous fluid [11]. The
term “viscous fingering” describes the finger-like instat@htithat penetrate the more viscous
fluid resulting from this injection. This phenomenon causes a probbenoif companies
because as oil is withdrawn from a reservoir water replaces it and visegesrfg occurs since

10



Figure 3: (Top of next page)The inset in this figure shows the shape of the whole bubble as
viewed from above just before break-off. Note that the gray im#&t indicates oil, white is air
and the inlet is the black circle in the middle. The brealkooflirs when the expanding circle of
oil comes in contact with the outer edge of the annulus. The shipeentire bubble, rather its
connection before and after break-off is important so that the tleadrebnstraint of equal
pressure bubbles is met before and after break-off occurs.afiges picture is a close up of the

region within the dotted-line box in the inset and shows experimengabtiatbubble just before
break-off.

11



Figure 4: This figure is taken from Lee’s paper and diagrams thejpgsed experiment [1].
Air (white) is being withdrawn through a pipe from a two-dimenal air bubble that is
surrounded by oil (gray). As the amount of air is reduced, the bisbfdeced to break-off into
two separate bubbles, but they still remain connected and at eqgsalrpredue to their
connection through the extraction pipe.

water is less viscous than oil. Fingers of water are pulledrttssthe point of extraction and
when they reach the outlet further pumping will yield more and matersince it is much

easier to pump (less viscous). This phenomenon lowers the efficdénpmumping operations
with respect to how much oil can be economically removed fromeavias Oil companies are
interested in any information that could lead to innovations that loniprevent viscous

fingering all together. Experiment and theory have been able toilmesspects of viscous
fingering through selection rules such as finger width [12] andl fmgle [13], but our

understanding of the phenomena is far from a complete theory.

Bubble break-off is not the result of an interfacial instabaisyis the case with viscous
fingering. The process of break-off involves oil being pumpedantarea of air so the interface
remains stable. Viscous fingering still plays an importarg nolthis paper because there are
unstable interfaces present—but not directly involved in the pra¢dssak-off. While viscous
fingering and bubble break-off differ intrinsically in their undertyiphysical mechanisms, they
both belong to a more general phenomenological category called Lapigmoiath (LG). This
link with viscous fingering provides a practical reason to study bublekknff. An
understanding of bubble break-off contributes to the understanding of L&h whiturn may
enhance our understanding of viscous fingering and thus draw theaattehta multi-trillion

dollar industry. Some experiments have even found that bubble break-oft @sa part of

12



viscous fingering [10]. In addition to these contributions, viscous fingealso provided the
most effective method | found for setting up a range of inibabdions that result in a break-off

event, as explained in the section 3 (Methods).
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Methods

3.1 Experimental Apparatus

3.1.1 Experimental Approximations to Theory

In the formulation of his theory Lee makes non-physical assumptiblesassumes that the air
and oil are incompressible, the air has zero viscosity,y$ters is strictly two dimensional and
that surface tension is zero. In general oil is assumed tacbmpressible except for situations

of extreme pressure, and air is generally assumed to be coibleressept for when very small

pressures are used as in out experiment. The dynamic visabaity /7, = 1.8X.0 °kg/m>s, is

also much smaller than oilyg, =130 °kg/mxs, so it can be approximated to be zero. The

assumptions that are of primary concern are that the themtyicly two dimensional and

assumes surface tension is zero.

In the zero surface tension limit the capillary numbenfimite. Capillary numberCa,

is defined to be the dynamic viscosity times velocity dividedsinjace tension: Ca= /774/5‘

[3]. This non-dimensional parameter is often the primary fauftorterest for Hele-Shaw flows,
and in any physical system it is finite. It is impossildeathieve this limit experimentally;
however, we are able to increase the capillary numberdrgaring pump rates (velocity) and
the oil viscosity. By changing these parameters the effects of stefegien are minimized.
Hele-Shaw cells present a quasi-two dimensional systemst isuhat the strictly two
dimensional case ideally presented in Lee’s paper. In a-Slew cell experimentalists
approximate a two dimensional system by making the lengthsso&lieterest much larger in
two dimensions than the third. In the case of bubble break-off #asmsnthat we can’'t apply the
theory to a region close to the point of break-off because it iayala three dimensional
interaction in this region (see Fig. 18 for a comparison of exterfseparation and the gap

thickness b). By making the gap thickness, b, smaller this region can be reduzed in si

3.1.2 Apparatus Design
For a detailed description of the radial cell used | direct tpoMitchell Moore’s PhD thesis
since he is the one who designed and constructed it with Eran Sharon [14].

We designed and constructed a rectangular Hele-Shaw delthegitintent of performing

the experiment described by Lee and shown in Fig. 4 [1]. Bedasgardject was on a timeline

14



we strived for a balance between convenience and practicalityisispirit most materials were
either scrap on hand or cannibalized from older experiments. @alggacers and 7-inch
clamping bolts were bought specifically for this experiment.

After reviewing the literature to get a feel for the priyneaomponents of a Hele-Shaw
cell, we chose guidelines for our cell. We chose to make thespdat of Plexiglas because it is
cheaper and easier to work with than glass and we had a largii8kisheet available—thick
enough to avoid flexing at the intended pumping rates. For imalgentigwe chose to use
backlighting with LEDs instead of the top lighting apparatus sielcih Moore’s dissertation
[14]. With backlighting it is much easier to obtain a uniforghtidistribution. The frame and
clamps for the cell were taken from the linear cell descridgain in Moore’s thesis and
modified appropriately.

The design of the interior of the cell was chosen to minitiegenumber of parts needing
to be machined. With this in mind we chose to make both cell inlets and the cell burffena
plate of Plexiglas, as shown in Fig. 5, leaving the other pfaeaiglas completely untouched.
In general cutting this much material out of the sheet would lmmgoncerns about pumping
rates flexing the cell, however we did not intend the cell to be aiskigh pumping rates for this
experiment.

Below are schematic drawings of all the pieces needed tmbkesthe rectangular Hele-
Shaw cell. In these drawings each grid is 1/2 an inch on arsidallsfeatures that occur off of
grid lines or intersections are at half square incrementsir{@édincrements). Figure 5 shows
the bottom plate of the cell; the top plate is just a 12 in. by 1Ryii8/4 in. sheet of Plexiglas.
The bottom of Fig. 5 is a drawing of the inlet profile, and Fig. 6 asldow all parts of the frame
used for clamping the cell.

The cell design worked pretty well, but if | were to make anotheould put half the
buffer in each plate and move the inlets closer together &sons discussed in section 3.2.2.
After | had milled out the buffer section and | was milling thgng groove | had difficulty
obtaining a uniform depth. | assume this is due to the relaxatitimeoPlexiglas plate from
milling out the buffer; splitting the buffer between the two plates could ratduce

15



Figure 5 (top): This is a diagram of the bottom 3/4” thick Plexiglas platehef rectangular
Hele-Shaw cell drawn to scale. Each grid box is 1/2 inches e a he ™ symbol denotes a
hole, which is tapped for 3/8-inch NPT for 1/2 inch from the bottm®a sf the plate toward the
top, and the remainder of the hole is 0.078 inches (see bottom of this).figThe. symbol
denotes tapped 3/8-inch NPT holes through the sheet of Plexiglas.igfihgray is the small
groove used to set the O-ring; this groove is 0.2 cm deep and 0.16 wideesentered along a
line 0.75 inches from the edge of the cell. The dark gray is thp geove used as the Hele-
Shaw cell oil buffer it is 1 inch wide and 1 cm deep; the outstaleers are rounded with a 1/2
inch diameter from the 1-inch milling bit usgthottom): This is a profile of the holes drilled
into the 3/4” Plexiglas sheed marked W& The top plane of this figure corresponds to the top
of the plate as shown in Fig. 5 (top) so these holes were drilled from the bottom ait¢he pl

16



In addition to the components shown in these figures there are Huditional
components used for lighting. A 10 by 10 inch square of 0.15 inch thiclsidif plastic with
four 3/8ths inch holes cut out to fit the cell inlets was made. This plate is heldtactwith the
bottom Plexiglas plate by the NPT connectors for the two gapbaffdr inlets. Then for
lighting | placed a 32 by 33 array (approximately 9.5 by 9.5 incHddxDs below the diffusive
panel resting on the table. The third component was a 5-amp 20-volt papgly. This
provided semi-uniform lighting in the region of interest; however,l¢kdepanel had a circular
hole in the middle since it was made for another experiment andrédated a dim area in the
center of the cell. While this kept the images from being unifibiwvas still bright enough in

this region and background subtraction was able to remove this discrepancy.

3.1.3 Silicone Ol
All experiments presented in this paper use the same two fluitisensi oil and air. The

silicone oil was purchased from Clearco Products Co., has dynanscosity
m=1x0°kg/mxs, and nominal surface tensios =20.9dyned cm@25°C. As a point of

reference, this silicone oil has a dynamic viscosity about 100 times glreatevater.

Figure 6: This figure shows all of the bolts and quantities used to assehgbtz=li. Again the
grid scale is 1/2 inch/grid and the red areas are the bolt letingthare threaded. The number
labels are used in later figures to show where each bolt is.

17



Figure 7: This figure shows all pieces used to assemble the Hele-Bawang. Again all pieces

are drawn to scale with each grid box being 1/2 inch on a sidelinéd and holes that fall
inbetween gridlines are intended to be at 1/2 square incremerit& (mrches from the nearest
grid line)—no smaller fractions are used. “#heymbol on the first block and first clamp denote
1/4 inch holes all the way through the material drilled so tha2Q/éhch optical bolts can be
flush mounted. Thd symbol on blocks #1 and #2 denote 1/4-20 tapped holes 1-1.5 inches

deep. The symbol denotes 3/8-16 tapped holes 2 inches deep. The black area orathe “Cl
#2” is a 3/8ths inch hole all the way through the clamp that runsh2sncenter start to center
end is 2 inches so the rounded parts extend beyond 2 inches).

18



3.1.4 Apparatus Assembly

Figure 8, below, shows the completed Hele-Shaw cell, and | will geogtep-by-step

instructions as well. Throughout the instructions refer to thisdig Pieces of the cell as well of

the bolts will be referenced according to their labels in &ignd 7. The cell also sits on an

optical table which has 1/4-20 inch holes every 1”.

1.

Both of Block #1's and #2's are joined into a rectangle via ther onbest holes in Block
#1 and the threaded holes in the end of Block #2 using eight (2) bolts.

Four Clamp #1's are attached to the side of Block #1 with twd@dts each (8 bolts
total).

At this point the LED array should be lowered into the interior of the rectanglte that
a 1” diameter hole should be placed on the side of one of the #2 Blottkst $be LED
array power wires as well as the pipes can be passed to the outside of the cell.
With the pipes attached to the bottom Plexiglas plate as showg.i® place the plate
groove side up making sure to feed the pipes out the hole cut in Block #2.

Arrange the spacers (12 inch x % inch x 0.015 inches) on top of the bopltitenas
shown in Fig. 8 in light gray along the perimeter of the cBlbte that each spacer has
one end that will extend 1/2 inch beyond the edge of the cell. dMd bave cut these
down to 11 1/2 inches each to avoid this, but that can cause a barbed ¢dgemacer
that might change the gap or cut into the Plexiglas.

Install a 0.11-inch diameter O-ring into the small groove of the cell.

7. Place the second Plexiglas plate on top of the first beinfutai to move the spacers

or O-ring.
Install the remaining clamp components: 4x Clamp #1, 8x Clamp #2, 4x (3) bolts, and 4x
(1) bolts as shown in Fig. 10.

This concludes the cell assembly and the experimental proceduraseddroff will be

detailed in the following section.

19



Figure 8: This is a diagram of the assembled cell. For construction details pléas® the
text.

20



Figure 9: This is a schematic drawing of the Hele-Shaw cell csession along the diagonal
containing all four inlets. In actuality the lengths of pipirg each inlet to the joint are equal,
but the image was drawn this way so that the connections ware dWote that the horizontal

scale of this image is really+/2 inches/grid since the cell i2~/2 inches along the diagonal.

Figure 10: (Left) a schematic drawing of the four clamps shown at the top anzhboftFig.
9. (Right) A schematic drawing of the four clamps shown going off éffteaind right edges of

Fig. 9.
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3.2 Procedure

3.2.1 Rectangular Cell and Lee’s Experiment

While no break-off events that met Lee’s conditions were obsenvée: rectangular cell using
his suggested experiment, a description of the attempted procedures is included.

| attempted two distinct methods to obtain bubble break-off as deschibéee’s
experiment shown in Fig. 4 [14]. 1 will explain these two methaisvell as the problems | had
with each. For this discussion the cell inlets will be labetetiraferred to as shown in Fig. 11.
In all experiments including those in the radial cell the cltompletely filled with 100 ¢S
silicone oil before any experiments are conducted; it is alpoitant to remove any air bubbles
from the gap and buffer in order to accurately measure pumpies) réllso, because testing in
this cell was preliminary most pumping was done by hand. | pteghthe same processes with
the automated syringe pump and obtained the same results.

The size of the cell and distance between the two interiaisjn(2) and (3), posed the
largest problem for this experiment—particularly for setting ugnhil conditions. The initial
conditions presented in Lee’s paper involve a single bubble of adeitlse gap that encloses
two inlets through which air can be removed. | saw two options tov&cthes goal and both
encountered the same problem. | can grow a single circular bulbiokedne inlet until it

encompasses both inlets or | grow two circles, one from each inlet (2 and 3hemntiterge. If

Figure 11: Inlet number labels used for procedural discussion.
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| closed off inlet (2) and slowly pumped air into (3) then aleiof air would form centered on
(3) and unfortunately due to the cell design the bubble comes in tuatathe buffer before it
passes the second inlet. If | grow two bubbles slowly theylssl to the buffer before they
connect.

Eventually | was able to connect the two bubbles by means of viogesing, but this
was not a reliable process. If | grew two circles centatedlets 2 and 3 until they were nearly
touching, not yet in the buffer, and then pumped air into the gap quicklgtisoas a finger
would form between the bubbles and connect them without letting the bulbdblthénbuffer.
However, as stated before, this process was very unreliable and in more aases tesulted in
one or both of the buffers leaking to the buffer.

In the rare cases in which | was able to obtain the requiieal iconditions, there were
further problems. When | removed air through both inlets (2 and 3)ulhieles would in fact
break-off, but not in the region between the inlets, but rathene of the inlets. While | have
the control to make the bubble break-off, | had no power to chebseethe break-off occurs.
At best | could observe one side of a break-off as it broke off intobtie inlets. While this
procedure meets the condition that the bubbles maintain equal préssuighbut the process,
half the bubble is not longer visible after break-off occurs. Inrothses bubble break-off
would occur between the two inlets, but in these cases theranwdiple break-off events and |
was unable to tell which occurred first, meaning that in thoseschwasn't sure if the equal
pressure condition was met.

In light of the difficulties controlling where break-off wouldooe, | chose to take a
different approach to the experiment. Instead of withdrawindran two places within one
bubble | concocted a procedure that limited break-off to a narrowamegjion surrounding the
inlet and in many cases to an even smaller area. While xpisriment could have been
conducted in the rectangular cell that I built, we decided to motreetaadial cell constructed by

Moore because it has a more uniform gap [14].

3.2.2 Radial Cell Procedures
This section describes the procedure that was used to obtaindhreptatted in this thesis. The
goal was to create an annular domain of air in oil and then cause a break-off eveanoiiths.

This guarantees that the bubbles maintain equal pressure befordemnutedk-off. However
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this poses the question about the withdrawal of air being a resal assumption of Lee’s
theory. The answer to this question will be discussed in the Results section 4.1.

The radial Hele-Shaw cell used has three inlets that we @eel.in the top of the buffer
used to remove rogue air bubbles. The second in the middle of the foufpeimping oil in or
out and a third in the middle of the bottom plate, which can be conntctedar of oil or
atmosphere through a 6-inch tube. Pumping oil into or out of the lmdés all pumping. For
simplicity | sometimes refer to pumping into the gap inlet; thesans that | am withdrawing oll
from the buffer and vice-versa for withdrawing oil from the cemé&t. Here is the general
procedure for obtaining a break-off event.

1. Begin again with the Hele-Shaw cell filled completely with 180sdicon oil and the gap
inlet tube open to atmosphere.

2. Withdraw about 20 to 40 mL of oil from the buffer. This sucks an equival®ount of
air into the gap and buffer. The volume of the gap is small so 20 mL should be more than
enough to get air into the buffer. Getting air into the buffer ighepoint; you just need
to fill the gap with a significant amount of air. If you can stio@ pump at the correct
time and fill the gap and not get air bubbles in the buffer, then skip step 3.

3. Follow the procedure outlined in Moore’s thesis for removing air bublbes the buffer
[14]. That is, tilt the cell, open the top buffer valve, remove oinfthe buffer until all
the buffer bubbles are connected, pump oil into the buffer until the kargble is
completely expelled, close the top valve and lower the cell.

4. Once the buffer is bubble free and the gap has a significant aofaainin it put the gap
inlet tube into a jar of oil and pump oil into the buffer at the mmaxn speed
(205mL/min) until air bubbles stop coming out of the tube. For unknown re#isisns
procedure results in a small air bubble being trapped in the top tildbenear the gap
inlet—exactly the conditions needed. | suspect that this happens detagsts caught
in some of the pipe connections out of the main fluid flow but regardtesias a
fortunate side effect of adding the pipe to the cell.

5. The cell is now ready to rapidly repeat the experiment. Byngehe automated pump to
a constant rate between 0.01 and 5 mL/min an annulus of air will growhan break-
off. For more control over the break-off conditions this procedurebeabroken into

three steps.
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Figure 12: This is a sample viscous fingering pattern formed to setnitial iconditions of a
break-off event.

a. After the size of the trapped air bubble is known, pump about half chithe
bubble into the cell at a slow rate, approximately 0.1 mL/min, so/thabbtain a
nearly circular bubble. As will be shown, increasing or decreabm@mount of
air pumped in at the slower rate will decrease or incréaseurvature of the
inner and outer interfaces at break-off.

b. Increase the pump rate to a value greater than 0.2 mL/miraandany papers
have shown, viscous fingering will occur at the annulus’s unstable outside
boundary between the oil and air. This will cause a pattermasitoithat in Fig.
12.

c. After the entire air bubble has been pumped change the pump rateadjze
rate at which you want break-off to occur. Then a circle of dil grow and
come into contact with one of the stationary fjords of the rdutigering pattern.
This circle of oil is stable because a more viscous fluideiag pumped into a
less viscous one.

To repeat the experiment just pump the air bubble back into the mabeepeat steps
5(a)-(c). Conveniently enough, break-off occurs in roughly the samgoposi the cell every
time due to the fingering pattern taking its shape due tongehanical noise inherent to our
inlet. Lajeunesse and Couder also observed this phenomenon in theiopapesplitting of
viscous fingering [15].

Though a partial explanation of how to manipulate the initial canditivas given above
| will provide a clearer account here. Basically 5(a) and 8@iermine the inner and outer
curvatures of the interface at break-off and 5(c) determihepump rate during and after break-
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off. In a comprehensive study of bubble break-off (this is not one) tAesamportant
parameters to vary to examine a full range of events.

Interface curvature can be varied in three ways. The cuevaf the inner interface is
completely determined by the distance from the inlet becdasmterface is stable during
pumping so it is always a circle. This distance is direptlyportional to the amount of air
pumped in at the small (small defined to be small enough for the ioid¢eface to remain
stable/circular) in step 5(a). Skipping step 5(a) completely ezatiog fjords close to the inlet
can obtain a maximum inner curvature and skipping step 5(b) anthgrerad nearly concentric
circles may obtain a minimum inner curvature. Then almost Bnimdependent from the
interface curvature set by steps 5(a) and 5(b), step 5(c)rile¢ésrthe pump rate at the time of
break-off.

Figure 13: This figure shows images of the initial conditions | achieved whth methods
described above. Starting at the top in which the entire cdled With oil the left arrow is for
high pump rates (>about 0.2 mL/min) and the down arrow is for low putap (gabout 0.1
mL/min). The bottom right image continues the same pump ratedsiarthe upper left image.
Again at the split from the center image to the center bottorgansafor high pump rates and
the bottom right is for low. In the end this process produceshighly curved interfaces at
break-off (bottom left), two moderately curved interfaces (botwenter) and two nearly
identical curvatures (bottom right)
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In a comprehensive study of bubble break-off interface curvaturpwang rate are two
very important parameters to vary and this procedure provides the toedmso. The theory
provides solutions for this range of curvatures and pump rate is importdeciding if surface
tension is contributing to the break-off. For an example of theerarignitial conditions

available see Fig. 13 above.

3.2.3 Imaging

All experimental images were taken using a Vision ReseBrantom v4.0 camera mounted
vertically above the cell. We used an Olympus OM-System ZuikoAMiBGs-S lens with a focal
length of 50 mm and f = 1.8. We also used a set of Olympus bel#sngion tubing) to
increase the lens magnification. Overall we obtained a vievsgoigre that is 2.8 mm on a side.
This camera is capable of taking between 20 and 1000 frames/satcnibd512 x 512 pixel
resolution and saves a large cache of pictures (several thousand).

Using the Image Research camera software | set ther@ddmeave images from 1 to 2
seconds on either side of when | trigger the save. With the aaaret lighting set up
appropriately | begin the experiment and trigger this camesave as soon as | observe break-
off so that the saved file would contain sequences of images botle l@@fdrafter break-off.
This method allowed me to select an appropriate time rangetafcdfiection, but may need

some tweaking to account for individual reaction speeds.

3.3 Data Analysis
3.3.1 Image Analysis
In this section | will demonstrate the complete image arsapy®cess used to extract the oil-air
interface from experiment and compare it to theory for a simgige. Analyzing a set of
images consists of creating loops and using a couple different functions witteparsafrom the
first image to assure that all images are edited in tme $aanner. In this section | focus on the
results of the MATLAB code and not specific function calls;dasummary of all the functions
used to analyze this data see Appendix A.

Beginning with an image obtained from the Phantom v4.0 camera hotdethe entire
picture based on the average intensity value. | begin by s#timthreshold equal to the mean

value and increase it until no remaining pixels fall outside of the interfa¢t®as $n Fig. 14.
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Figure 14: (Left) The blue points are all points extracted by a mean intensig vhteshold.
This means that all points in blue are below the average intesaite in the image. (Middle)
This is the same image but the threshold has been lowered tedsityntvalues below the mean
value so that all points lie on the lin€Right) In this image the intensity threshold process
shown in the left and middle panels has been repeated for srmallemealler rectangles in areas
where the initial threshold missed the interface. In total 12 local value threslresklsised.

In order to extract the interface further analysis must béonpeed. The process
described above yields two arrays: the x and y coordinates of thts it lay on the interface.
The theoretical interface functions define the break-off neck taldey the x-axis and it also
defines parameters based on the curvature of two interfacestddnto do this the interface
must be separated into two interfaces and rotated to the conegaabon. The interface must
also be cropped to a region near break-off because it is cleathéh#tteory, which predicts
parabolic interfaces prior to break-off doesn’t apply to about 2/3rds of this picture.

Because time was an issue in this project these jobs wel@mped more or less
manually. | find the rotation angle by looking at a plot of the itwages and rotating it until the
bottom interface looks level. This process is done manuallyhtoffitst image, but then the
same angle is used for all subsequent images. After roteti@omplete the interface is
manually centered and cropped. First the user is asked to click onabe “center” meaning
the point of break-off. Once this point is selected the user islaskerop the image to a
rectangular region specified by the lower keft y1) point and the uppey-coordinatey2. This
function usegx, yl)and(-x, y2)as the lower left and upper right points to define a rectamgle a
removes all other points from the interface because the imageniered and we want a
symmetric window. Finally a more precise centering is doypecdmputing second order
polynomial fits of the two interfaces and averaging theirisest A rotated, cropped and

centered interface is shown in Fig. 15.
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Figure 15: This is the interface after rotation, cropping, and centeringthi&tpoint it is ready
for a proper rescaling and comparison to theory. There are 6[3 pax each millimeter in this
image.

3.3.2 Comparison to Theory: A Correct Fitting of Theoretical Parameters

With the extracted interfaces in hand | now turn to the theory prdwby Leeet al. This theory
provides two equations—one for before break-off and one for after breal+oftheir given
form they are not in laboratory variables, but | have converted thnab variable, with the

exception of time, which is still in units of length.

y=xX(cxa)tt+g (10)

2
y=x Cia‘/l-l-a_)@ +g  (11)

Three parameters, C, and g, and a rescaling of time are needed to fit the theory to

experimental data. For an arbitrary choice of parametensieaevolution of the interface is in
Fig. 16.

29



\ /

Figure 16: In this arbitrary fitting of parameters, is approximately the same &and g is

zero. This means that the two parabolic curvatures before break-@@aned O so one is a
parabola and one is a flat line. In the image the green lines show the intertaeebbedk-off,
the blue line indicates the instant of break-off and the red lines are the irderfacieg outward
after break-off.

Parametersd and C may be determined for any pair of interfaces at a givea tif0
(any pair of interfaces before break-off). These parameletermine the curvatures of the
interfaces. In fitting the data to extragtand C, | have found that for my data it doesn’t matter
which image you use as long as it is near the time of bredkegHuse the curvature is nearly
constant as the interfaces approach. Specifically, given parated interfaces as shown above

in Fig. 16 | perform a second order polynomial fit of each interéaxckobtain two equations of
the form Y=AX +Bx+C and Yy=AX +Bx+C,. These equations may be simplified

because the interfaces have been centered verticafly and C, are equal and opposite. Note

this centering effectively removes tiggoarameter from the theory as will be discussed after the

fitting of @ and C . Then by assuming the parabolas are symmetric acrogs theis, B and
B, are zero. These simplifications leave us with:

y=Ax®+const (12)
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y=AX* - const (13)
In this representatiol® and A.denote the curvatures of the top and bottom interfaces

respectively. In the theory parametédsand C determine interface curvatures in equation 10.

Therefore by combining information from equations 10, 12 and 13 | ciée &and C in terms

of A andA.

-ATAL
2
_(A-A)
a= 5 (15)

Namely C is the average of the two parabolic coefficients anid half the difference of
them. Also note that that equation 10 demands that these two para@etadsC, have units of
inverse length.

As | mentioned above the vertical centering that | perforafesttively removes thg)
parameter from the theory. This parameter is a “driftapsater and accounts for any vertical
shift of bothinterfaces in time. To explain my reasoning and applicatighi®fparameter | will
direct the reader to Fig. 17 which describes two processes—oneoirdacce with the theory

and one the physical reality of our experiment.

Case #1 Case #2

1! //
i \\
|
/

Figure 17: Each of these figures describes a possibility for interface motiore #lasn the left
is what the theory expects in which both interfaces approach the point of breakadfievstame
constant speed. Case #2 on the right is the case | see experimentally in whichrtiveenbpee
is stationary and the bottom interface approaches with a constant speed.
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Our experimental interfaces move like those in case #2 in Fig.Iri7his case a drift
parameter that tracks the concurrent movement of both interéare®t be directly applied
because one of the interfaces is stationary. Instead, forreacé f center the two interfaces by

calculating the vertex of each parabola and averaging theggoints. | shift both interfaces so

that this center point i£0,0) which effectively shifts case #2 into case #1 and automatically
makes any “drift” zero because this centering accountedoh interface moving at a different
velocity as well as any shift in both interfaces.

| consider the centering | did to be a shift to the “centdrefk-off’ frame. That is, the

point (0,0) always remains the point as which break-off will occur (assurboth interfaces
approach it with equal and opposite velocity). The interfagpsach each other approximately
constantly because oil is being pumped into a circle at a consttanand the circle radius
changes by less than 10% from the experiment’s start to filisfore break-off the centering is
well defined. That is why | take the average of the tweexgpoints and shift that point to zero.
On the other hand, after break-off occurs this process is no longedefieled because the
vertices don’t describe the drift or shift. In order to defime re-centering for after break-off |
plotted the shift required to center vs. time for a seriesnafes before break-off. This plot
yields a linear relation and | made the assumption that it holdaftier break-off to infer the
correct centering distance. Equations 10 and 11 hold as writtefust redefine the drift
parameterg, to be 1/2 the approach velocity of each interface and center thie fdete that to
center the interfaces before break-off no additional informasoneeded, but to center them
after break-off requires knowing how much each interface waegh#fore break-off. | have

effectively convertedg to zero in all plots, bug remains present in calculations because it is

needed to properly shift each pair of interfaces.

After a, C, and the drift,g, are accounted for all that remains is the proper rescaling of

time. In the theory time has units of length. Therefore the “pnagsealing” involves dividing
time in units of area by a velocity to get time in units @osels. The definition of the scaling

velocity can be easily observed from equation 10 if you tg@keD (for reasons explained

above).

y=x(cxa)+t (16)
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Equation 16 clearly defines two parabolas witimtercepts ay =t. This means that

the distance between the two interfaced is Since | know the lab timé&,, when this interface
was collected | can scale time correctly under the assumgtaintie approach velocity is

constant. Our results show that this assumption is correct uphetiie of break-off. This

means that any pair of extracted interfaces and the labaimich the image was takdn,
relative to break-off lab time], =0, is sufficient to calculate the proper scaling of time. The

scaling velocity is one half the approach velocities of theitwgrfaces. Therefore the correct
scaling velocity may generally be defined by the approach vglasitcalculated from any two

images from before break-off.

T-T,
Vscalingz( - 2 2) (d'l - d2) (17)

A simpler case only calls for a single image (and use af¢fiaition that the separation

distance afl =0 is 0) to calculate the scaling velocity.
_h
Vscaling_z (18)

Where T, and d, are the lab time and interface separation distances resggctiUsing

this scaling equation (10) and (11) become the following in completely dimensional units.

+

y:XZ(Cia)iV (19)

scaling

V,

scaling

2
y=x Cia/1+a>gv +vg (20)
scaling scaling
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Results and Discussion

4.1 Comparison of Experimental Results to Theory

With a proper rescaling of time and fitting of paramet@randC, the next step is to plot the
experiment and theory against each other. Below is astigeence of these fittings assuming

constant values f@&,C, and g throughout the process both before and after break-off. These

images are plotted in units of pixels with a relation of 60 pir@in so these graphs fit a region
about 2.7 mm (160 pixels) wide. The gray area is the thealrefladomains and the white area
is the theoretical air domains so the line separating the dsléne theoretical interface. The
blue points plotted on the graph are the experimental interfacesctext from images. The
extent to which the blue points lay along the division between grayvhitd determines the
theory’s proficiency in predicting the time evolution of the process.

From the above fittings it is clear that the theoretical ttane match the experiment

nearly perfectly before break-off at lab tim&0. Then after this point the theory moves too

fast compared to experiment for times after break-off.

4.2 Discussion

4.2.1 Theoretical Assumptions and Their Physical Realizations

A struggle between theoretical approximations and physichiyréeaprevalent throughout this
work and so | will provide a discussion that details this interadtioeach assumption. Let
al. made a number of assumptions ranging from those that are comrmoeptea to ones that

severely constrain the break-off events applicable to this theory.

Figure 18: (Next page)This figure shows a comparison between the experimental and
theoretical interfaces. The gray areas represent the ticebat domains and the white areas
are the theoretical air domain therefore the red line markinditi@on between gray and white

is the theoretical interface. Blue experimental interfacatpagxtracted from images of the
interface, as described in section 3.3.1, are plotted on top of the thdwmyextent to which the
blue dots lay along the division between the gray and white detasmines how accurate the

theory is. It is clear the theory is fairly accurate Tof O, but for T 2 O the theory moves faster
than the actual interface. Also note that the width of the ewpatal interface is due to the
camera zoom. This distortion is due to the fact that at lescales on the order of the gap
thickness the interface is curved and has a finite width. Ire tinesges this width is about 4-5
pixels wide which is about 50% of the gap thickness b
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The first assumption made is that both fluids are incompressileperimentally
speaking the oil is almost certainly incompressible for angspires that we look at and the air is
approximately incompressible because the pressure is approyimaihstant 1 atmosphere. A

second assumption that the air has zero viscosity is also mades isT an acceptable

approximation because the viscosity of ayf,=18x0°kg/mxs, compared to oil,

m, =140 °%kg/m>xs, is much smaller.

The theory also assumes that the process is strictly twardiomal. While this is
certainly never the case experimentally but we attempt toozippaite two-dimensions by
making the thirdz, dimension very small compared to the length scales of intarette

xy- plane. This assumption limits how close to break-off we can apghetry because the

bubble doesn’t break-off until the interfaces are less than a gap thicknasslLajgaily speaking
bubble break-off is a three dimensional process because théiglpessz direction, is no

longer small compared to dimensions in tkg- plane. Fig. 19 on the next page plots the
interface separation in they- plane vs. time and the lingg=b to show when break-off

becomes three dimensional. When break-off becomes three dimensietsalhe®ry no longer
applies according to their mathematics being strictly two dimensional.

The theory also makes the assumption that the bubbles maintainpegssiire after
break-off. | ensure that by assuming that the air has zaerositig and only looking at events in
which the bubble is still connected after break-off occurs. Thishig | look at a distorted
annulus breaking off into a crescent shaped bubble. While this metbddcps a break-off
event in which both bubbles maintain equal pressure there has beendistassion about
whether the withdrawal of air is also required for the theorlgdld. While the theory doesn’t
explicitly state that withdrawal of air is an assumption, seiggested experiment (Fig. 4) does
withdraw air. It is our hope that in an area local to the bubblsahe conditions are met by a
different mechanism which seems to be met because the istenfaces at a constant velocity.
In the case of our experiment in which an expanding annulus breaks$oo#f crescent shape the
bubble area in a regioft e from break-off along the axis of the neck the bubble area is
decreasing because the annulus is becoming thinner as its sagiaeased. In this manner we

hope to have the same effect as removing air from the bubbles directly.
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Figure 19: This plots the nearest distance (separation distance) of thentarfaces in the
xy- plane leading up to break-off & =0. At T =-03 the interface is only separated by

approximately 1.5 times as thick as the gap so to the process baboeeedimensional and the
Lee’s theory is no longer applicable. The blue line is y =gdye thickness, b. Note that the

separation distance calculatedTa& 0 isn’'t zero. This is because the interface has width and in
the process of separating the interfaces the bottom of the tofacetes put with the bottom
interface so the fit used to calculate the separation igghiftward slightly. The red dotted line
shows that the interfaces approach each other with constant veléaifyre 18 shows that at

T =0 the interfaces are in contact with each other.

The final assumption and the most difficult is zero surfacedendn physical situations

surface tension is never zero; in fact this assumption makesyilary numberCa= /774/5‘,
infinite. Having the non-dimensional parameter of interest foret$élaw flows defined
theoretically to be infinite is enough to make any experimetaiinge, and the best that we can
do it to make the capillary number as large as possible. Inxpesiment we kept the fluid and
temperature the same so the dynamic viscosignd surface tensionare constant. Therefore
to increase the capillary number we increase pumping rate in bbdesinating the dynamics

of the situation by the fluid flow and not surface tension.
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4.2.2 How to Modify the Experiment

As stated in the above section there are considerable experifn@mials to accessing a regime
in which Lee’s theory is applicable. From the bubble break-off sequence presetite section
4.1, it is apparent that the theory doesn’t agree with the experaftentoreak-off. There are
two directions we can go with this information—modify the theory t@atfor experimental
parameters or modify the experimental conditions to comply beitarthe theory. Both of
these are worthy endeavors and so | will address both.

According to my results from after break-off it appears &keadditional term could be
added to equation (20) to account for the discrepancy. The fits frend.8 seconds and 0.6
seconds show theoretical and experimental interfaces which havéyrtlug same shape but the
theoretical interfaces are shifted outward and slightly upwam the experimental ones. An
additional term that translated the two post-break-off interfam@ards each other or one that
slowed the rate at which the tips separated after brealcolfl @ffectively place the theory on
top of experimental data. Such additional terms are purely &stigy as to what would make
the theory fit this situation better—I make no attempt to sugbestrigin for deriving any such
term explicitly.

In the regime of experiment | will make further, more asit#s, suggestions as to how
to obtain better results by more closely approximating the theory. Firdstloé 8uid used could
be changed to increase capillary number. If a more viscoigs\ilith smaller surface tension
were used then the capillary number would be much larger and thes tdas theory in which
this number is infinite. Taking this idea one step further to isereapillary number miscible
fluids could be used to make surface tension extremely small; this has the cadtrobeelwork
between experimental runs. While using an extremely viscousiflaieases capillary number |
think that there is an ideal middle ground because as viscosityeagecthe obtainable pumping
rate is limited. If the fluid is too viscous then it isn’t pldusj with the current syringe pump, to
pump fast enough to make effects due to surface tension small.

Alterations of the gap in the Hele-Shaw cell could also mbeeekperiment toward a
regime in which the theory applied. Simply decreasing the geknttss allows for areas closer

to the point of pinch-off to be considered two-dimensional.
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If further calculations show that it is required that air bthdvawn from the bubbles
during the process of break-off then further research should be dongldceexhat determines
where a bubble breaks off. If we had the ability to control whéxgbale would break-off in the
rectangular cell, which has two inlets, then we could pertberexperiment as described in the
theory. | think the next step should be to move the inlets closerctoather relative to the
distance to the buffer. While | believe that the location ofkcghis in nearly all caseat one
of the two inlets, many times leaking to a buffer prevented me froma®rerecting the bubbles.
It is possible that playing with this process more in a HaaScell with two closely space
inlets (relative to their distance from the buffer) could yield occasionakmfé@vents that meet
the theoretical conditions and experimental requirements for imaging roary oc

Beyond just moving the two inlets closer together, future reseslrobld examine
modifying the cell to dictate where break-off occurs. In aitpiale sense from experience with
these bubbles it seems like the bubbles break-off where it isdifitgilt to stay connected. In
that sense | think that to make bubbles consistently break-off iretiter of the cell away from
the inlets the gap thickness can't be uniform—or likely even continuous. In a conventiaal Hel
Shaw cell that has a uniform gap thickness, identifying the pottieigap at which it is “most
difficult to stay connected” undoubtedly leads to the inlets. One siggepgurely a guess, is
that making a Hele-Shaw cell in which half the gap is thickem tha other half might cause
break-off to occur at this discontinuity in thickness insteadt @nainlet. This change in gap
thickness is not ideal, but the theory approaches the break-off pprable mirror image case in
which each side of the y-axis is symmetric so fitting eadhdiahe interface separately may
have a theoretical basis. It might be possible to obtain good diasdf ah interface breaking off
at a position away from the inlet. Changing the gap thicknegssisone suggestion. If
modification of the gap is how future researchers want to apprbacproblem of controlling
where break-off occurs then further thought should be put into whatdatstermine where a
bubble will break-off.
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Appendix A: Function Summaries
General Notes:
Plotter:

If “Plotter” is an input variable then if it is set to 1 thepuitfor a given function

will be displayed.
Point entry:

Several functions ask the user to enter points. This is done usirggtibts
function in Matlab. Points can be entered with the mouse by iefirgy on the image.
For the last point right mouse click to indicate that you are domeirgtpoints. NOTE:
the right mouse click does get entered as a point.

X1, Y1, X2,Y2:

These variables will denote four arrays that contain the cooegimditpoints that
constitute the interface for a given frame. In many instaadesction will read in the
two interfaces and return modified interfaces. In those casesathe variables will
appear in the input and output variables and any changes will be exptathedunction
description.

Function: load
Call as [data{i}]=load(Filename.img, Plotter)
This function loads image given by the file name into thelément of the cell “data.”
Function: section
Call as [X, Y]=section(image, Plotter)
Currently this function has all of the user entered data hard coded, but future
modifications to improve the programs functionality are described below.

This function thresholds the given image using local averages. This function asks
the user to enter pairs of points denoting the lower left and upper right corners of
rectangular sections of the image. Tkention) computes the average intensity value
for the denoted rectangle and asks the user for a threshold value relativevieraige a
intensity.

For data entry the function will loop in the following manner. First it asks for tw
points; left click the bottom left and right click the top right point. At any tioe may

stop entering rectangles by selecting only a single point—just righttble image to do
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so. Once arectangle is selected a gui interface will appear witawdtdereshold value
equal to the average intensity. As you change the value in the gui interfacaglee im

will update the new threshold value. Click the appropriate button to increase this value
until the interface looks correct and press done. Continue this process until the entire
interface appears correctly.

This function returns two arrays containing the x and y coordinates of all points
above the local threshold. It is important to note $leation()reduces the image to a
binary intensity distribution.

Functions: separate(), ck_separate(), mk_separate()
Separate:
Call as [points] = separate(image)

Separate()asks the user to select two points that indicate a straight line

separating the two interfaces and returns these two points.
Ck_separate:
Call as [good]=ck_separate(image, points)

Ck_separate()displays the image and plots the line choseseparate()and

asks the user to select 2 points if it's correct and 1 otherwise.
MK _separate
Call as [X1,Y1,X2,Y2] = mk_separate(image, X,Y,points,Plotter)

Input variables, image, x and y coordinates denoting the threshold values, the
points fromseparate()and plotter. Output is two sets of x-y coordinates denoting the
two separated interfaces.

Functions: angle_mark(), find_angle(), and rotate data()
Angle_mark:
Call as [mark_x,mark_y]=angle_mark(image)

This function just displays the current image and lets the user mark points on the
image so that the proper rotation can be found. These points are then returned so that
they can be displayed in thied_angle() function.

Find_angle:
Call as [angle] = find_angle(X1,Y1,X2,Y2,mark_x,mark_y, step, start)+3.14159
X1, Y1, X2, Y2: two sets of coordinate pair arrays denoting the two interfaces.
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Mark_x, mark_y: x-y coordinates for the points to help recognize the correct
orientation—these are created usingahgle_mark() function.

Step: Angle increment.

Start: Start angle.

To select the correct angle right click on the image until it is orientedated
then select two points to quit the function. (Note: selecting 2 points is the only way to
exit, selecting 1 or >2 points will just increment the rotation once more.)

Rotate:
Call as [rX,rY]=rotate(X,Y,angle)

This function rotates the given interface coordinates X and Y by “angleinadi
and returns the new interface.

Functions: find_center, crop_data, find_center2, and center
Find_center
Call as [X1,Y1,X2,Y2,c_x,c_y]=find_center(X1,Y1,X2,Y2)

This function asks the user to click on the center (point of break-off) and then
returns the images centered at that point. X1, Y1, X2, and Y2 are the coordinates for the
two separated interfaces and cX1, cY1, cX2, cY2 are the centered interfaces

Find_crop
Call as [X1,Y1,X2,Y2,l_x,b_y,t y] =find_crop (X1,Y1,X2,Y2,Plotter)

This function reads in a centered interface and outputs a cropped interface. To
crop the interface down to a region “near” break-off this function asks the uskrdo se
one point to indicate x-lower and y-lower and another point to indicate y-upper. The use
should select the lower left and upper right points of a rectangle enclosingetideitht
window. The final result is that all points outside of the rectangle defined>ai ()
and (-1_x, t_y) are removed from the interface coordinate arrays and the néacege
and window bounds are returned so that further interfaces may be cropped to the same
window without needing user input.

Find_center2:
Call as [X1,Y1,X2,Y2,c2_x,c2_y]=find_center2 (X1,Y1,X2,Y2)
This function centers the data by performing second order polynomial fits to both

interfaces and calculates the minima (or maxima of the bottom parabdlayerages
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the two x-y points to find the minimum. The data is then shifted to this center and

returned by the function. The center-x, c2_x, and center-y, c2_y, values areualsedret

so that further images can be shifted to the same center. NOTE: to progerbvshi

images one must shift them to (c_x+c2_x, c_y+c2_y) where (c_X, C_y) iertex c

obtained fronfind_center() and (c2_x, c2_y) is the center returned fifiomd_center2().
Center:

Call as [X1, Y1, X2, Y2]=center(X1, Y1, X2, Y2,c_X, C_Y)

This function reads in the two interfaces and the value for the correct center. This
center value should be the sum of the two values, which were manually found for the first
image usindind_center() and computed ifind_center2(). The returned interface is
centered on the same point as the first image so that drift may be observed, however
eventually | removed this function because the drift parameter could not correctly
account for the drift experienced in out experiment.

Functions: calc_const and theory

Calc_const:
Call as [a,c,g]= calc_const(X1, Y1, X2, Y2)
This function calculates and returns the three parameters necessaryfjotlspec
theoretical interface given by Le¢ al.for the given frame/interfaces.

Theory:
Call as [TX, TY1, TYZ2] = theory(X1, Y1, X2, Y2, |_x, frame_number, t_end, t_step,
a, c, g, Plotter)
This function returns the theoretical interfaces at a time specified lisathe number.
If Plotter is one then a plot of the experimental and theoretical interfaté®wi
displayed.
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