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Abstract

Microfluidics is a rapidly developing field of innovation, which provides the chemical, medical and (bio)pharmaceutical industries with a
much more efficient substitute for the use of well plates, syringes, etc., to perform multiple manipulations and analysis of small samples. While
conventional, continuous microfluidics and the manipulation of individual nano-droplets in “Digital Microfluidics” are highly advanced, a
major new dimension is added by our work on the flow of ordered foam and emulsion structures in specifically designed channel geometries
We show experimentally and computationally, utilizing both the quasi-static and Viscous Froth models, how the interplay between channel
geometry and ordered foam/emulsion structures can be used to process tiny amounts of gases or liquids in a highly reliable and efficient wa
We have termed this method “Discrete Microfluidics” and will introduce its various aspects in this paper.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction controlled transport and mixing. This method was termed
Digital Microfluidics [12].

The handling of small quantities of liquids and gases has  With our background in the physics of foams, we take
moved into the focus of various technological fields, ranging the digital approach an important step further by utilizing
from pharmaceutical, medical and biological applications to the manipulation of ordered foam and emulsion structures
printing. Many of its challenges are met by quickly advancing in specifically designed channel geometries. An illustrative
microfluidic technologiefl—8], which utilize an assembly of ~ example is shown ifig. 1, where an ordered foam structure
micro-channels and detectors on small chips to manipulateof two rows of samples is split into two separate individual
liquids by various means. The3etal Analysis Systenase rows by pushing it through a Y-shaped channel on a chip.
at the verge of replacing traditional macro-sized labs with ~ The possibility of sorting the discrete cells of a two-phase
Labs-on-a-Chig1,9,10] which contribute to an extraordi-  system purely by moving the samples through specific chan-
nary down-scaling of spatial and financial requirements in a nel geometries is a result of one of the most fundamental
plethora of fields. However, even though the field of microflu- physical principles: minimization of energy. At low flow ve-
idics has seen astonishing leaps in its development in recentocities the energy of a two-phase system is well represented
years, important issues remain unsolved and have proven tdy its interfacial area and therefore by its structiirg]. For
be very difficult to tackle within the framework of traditional  higher flow velocities, the viscous dissipation between the
methodq2,11]. foam/emulsion and the channel walls becomes increasingly

New advances have been made in using individual important and has to be included in the energy balance (see
droplets, rather than continuous liquids, for the purpose of Section5).

By trapping foams or emulsions in channels of purpose-
mpondmg author. Tel. +353 1 6082157 fa. +353 1 6711759 designed geometries, specific boundary conditions are forced
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! present address: Insitute of Mathematical and Physical Sciences, Uni-Sample arrangements. As the samples move through the chan-
versity of Wales Aberystwyth, SY23 3BZ, UK. nel, their structure undergoes well-defined transitions, which
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e generation and magnetic manipulation of ferrofluid foam

structureg14];
?rdered e precise bubble size control by applying magnetic field gra-
oam . . . .
structure dients during bubble generation in a ferrofl{dd];

e detection of films and measurement of bubble volumes

using local conductivity measuremefis].

Channel

In this article we focus on the rheology of ordered two-
phase structures in various confining geometries, combining
experiments and computer simulations. At the outset we give
a brief introduction to ordered foam structures (Secpn
Fig. 1. Example of the flow of ordered foam structures inaquasi-2D channel followed by a description of the experimental set-up and pro-
geometry. A Y-shaped channel can be used to split rows of bubbles. cedure.

- . o ) The simulations and experiments considered here are of
can k_)e utilized for sample manipulation in various ways (s€e to-dimensional (2D) and quasi-2D nature, respectively. Ex-
Sectiond). _ _ perimentally this is achieved by working with channel sys-
~This method, which we have term@iscrete Microflu-  tomgin which one of the length scales is significantly smaller
idics, has many advantages over current practice, of which o the other two. In our case this provides a system com-
some of the most striking are: prised of mono-layers of bubbles or droplets, which has many
advantages over true three-dimensional systems. Not only

e Since Discrete Microfluidics is based on the minimiza- d it sianificantly simplifv the ob i si d
tion of interfacial area, the samples can either be gaseous oes it significantly simplify the observation, analysis an

(foam) or liquid (emulsion) for the same channel geome- rjnodellng,.but Itis more stra|gr_1tforward .to manufacture with
try. lithographic, stampm'g or carving tgchnlques.
o [fdiffusion between the sample is prohibited, an indefinite f ”Most;fltr:jebexperlmdent_s dfﬁcrlbtedbhe_re t(;]an be S.UC,{C?.SS'
number of them can be treated on the same chip. ully mo ez y cotn3|t (ejn_ngs ett'gbo € Inthe quasi-static
¢ As most of the sample manipulation is based on pure ge- regime, as demonstratéd in sectibby comparing experi-

ometry, the number of movable (and hence sensitive) partsmentsl‘ at?]d cor‘rr:puttgr S|mll_JIatt|pns.dHowev;r,tslmlng Tgr h'%h
on a chip can be greatly reduced. sample throughput in applications demands the consideration

e Due to the discrete nature of the method, sample manip—Of viscous eﬁ‘epts in foam rheology. In Sectiﬁltﬁe viscous
ulation becomes very reliable and quantifiable. Samples drag of foam films along the channel walls at high foam flow
can be labeled and traced easily throughout the chip velocities is taken into account by modelling the flow with

e The minimization of interfacial area of a structure can be the “Viscous Froth Model'[16]. Despﬂg Its S|mpl|q|ty, this
modeled more easily than the complex fluid dynamics of model has proven highly successful in reproducing the ex-

continuous (micro)fluidic processes. Hence, a major part penmgntal qbsgrvatlons.
ofthe channel design can be done by computer simulation, All investigations reported here were conducted on the

rather than expensive trial and error experimental proce- rr_1||:|me_tetr s(;:ale.dlthremams tt;) be s?eg hOV\;healsny t:qe p”T'
dures (see Sectiohl). ciples introduced here can be applied on the length scales

e A well-know problem of traditional microfluidics is the reguired by.microﬂuidics. .Initial experiments on ordered
lack of an efficient link between the micro-chip, the micro- micro-emulsiong17] apd m|cro-foam$18] have been very
arrays (well plates) and sample storage. Our technologysucceSSf.UI.' We WO[.JId I!ke to ern_pha5|_ze, hoyve_ver_, thatn_ot ev-
unifies these in a straightforward way (see Sectipn ery promising application requires mlcrquU|d|c Q|men5|ons.

o If the sample material is chosen such that it makes up Even on millimeter scale we envisage interesting opportu-

a small volume fraction of the two-phase system, the nities, for instance in the production of medical pills, the

sample material can be greatly reduced whilst main- ani{%/tS'SSOf (i_rwrléonme.rl}tal Igis liargpltatsf or bIooddsgr‘rE)pl;IIes.
taining reasonably large channel sizes. This is particu- er sectioncwe wilfonly talk aboutfoams and bubbles,

larly interesting for analysis methods requiring the use as most of our experlme_nts have been conducted_wnh these.
of solid particles (beads), which would clog up small The reader should keep in mind, however, that the introduced
channels ' methods should equally apply to emulsions and drojfil&s

Chip

Arranging the various channel elements in a network,
which integrates sample generation, analysis and storage2. Ordered foam and emulsion structures
provides a straightforward way of designing Total Analysis
Systems. Due to their complex energy landscapes, foams are gener-
Another dimension of manipulation is added by using ally highly disordered. However, if bubbles of equal volume
magnetic fluids and appropriately designed magnetic fields. are introduced into regular containers of cross-sections of
These can be utilized for the order of a few bubble diameters, they arrange in a highly
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Fig. 4. Experimental data showing the ratio channel width/bubble diameter
as a function of liquid fraction for the wedge-shaped quasi-2D channel dis-
played inFig. 3. Computer simulations for the perfectly dry foam fit very
well to the data.

[100] [211] [321] [422)
“bamboo™ “staircase”

. . L diameter to channel width at which the transitions occur, and
Fig. 2. Ordere_dfqamand emulsion structuresin cyllndncaltu_bes.ThetopoI- the magnitude of the hysteresis depends very much on the
ogy of the periodic bubble arrangement depends on the ratio of the bubble =~ ™ | . ! .

(droplet) diameter to tube diameter. (The emulsion consists of silicone oilin liquid fraction of the foam. The wetter the system is, the less

water stabilized by “Fairy liquid” dish washing solution.) hysteresis plays a role, as the foam can explore its energy
landscape more easily. A similar system has been investigated

ordered and predictable manrj@0-22,14] Fig. 2 shows  for wet foams by Rosa and Fortgs].

photographs of some simple cases of these structures gener- Fig. 4 shows experimental data of the channel width to

ated with foams and emulsions in cylindrical tubes. The spe- bubble diameter ratio for the transitions showrfig. 3 for

cific topology of the periodic bubble arrangement depends various liquid volume fractions. It is clear that the amount

on the ratio of the tube diameter to the bubble or droplet di- Of liquid in the foam structure has a significant effect on the

ameter. Computer simulations using the Surface EvRajr ratio at which these transitions occur. Computer simulations

successfully reproduce these pattetigj. for the dry limit (¢ = 0), using the Surface Evolv§23], fit
Classification of these structures is achieved by employing very well to the experimental data.

the (cylindrical) phyllotactic notatiori j,k] of the hexagonal Athorough understanding of these transitions is crucial for

pattern formed on the surface of the contaif2ey. a successful application of Discrete Microfluidics. In order to

In two-dimensional systems these ordered structuresmanipulate and analyze samples and sample structures in net-
reduce ta columns of bubbles, which we classify with the Wworks of channels, itisimportantto be able to predictand con-
notation f]. Fig. 3shows an experiment of a series of highly trol the type of structure present at any point in the network.
localized transitions between consecutive structures of a
mono-disperse foam continuously flowing through a wedge-

shaped, quasi-2D channel (transitions: {2][2] — [3] — 3. Experimental set-up and procedure
[2] — [1]). The experimental set-up is described in more
detail in SectiorB. Here we work with quasi-2D systems of typically

The image displays a very strong hysteresis betweeiithe [ 0.5-15 mm channel depth and up to 10 mm channel width.
— [i + 1]andthe[ + 1] — [i]transition. The ratio of bubble  For exploratory investigations these channels are created us-

-:I:::lllIlllllﬁ\?ﬁ'l'l‘l‘l‘ﬁ‘l“mlflﬂl{%:‘l s

(1]

CHE 3 R

Fig. 3. Transitions between ordered 2D foam structures as a result of foam flowing through a quasi-2D, wedge-shaped channel.



W. Drenckhan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 263 (2005) 52—-64 55

ing a simple “sandwich” system of a plane rubber sheet be- The reader should keep in mind that surface Plateau bor-
tween two glass plates. Channels of arbitrary shape can easilyders are formed wherever films are attached to the channel
be cut into the sheet using, for instance, a sharp razor bladewalls. This not only has an effect on the apparent film thick-
This leads to the side walls of the channel being a rubber ness, but also on the flow properties of the foam. It is a 3D-
surface and the top and bottom wall being glass surface.  effect and can be neglected for most of the cases considered

For quantitative investigations, the channel geometries arehere. For higher flow velocities, however, it has to be taken
designed in Autocad and then carved into a plane Plexiglasinto account (see Sectids) [26].
sheet. This is glued onto another plane Plexiglas sheet in or-
der to close the channel system. In these types of channels all
walls are Plexiglas, which provides constant surface proper-4. Quasi-static foam rheology in confined geometries
ties throughout the system (Series S402).

Bubbles of equal volume are generated by injecting  We showed in Sectiog that the structure of an ordered
nitrogen gas into Fairy Liquid-dish-washing solution of foam is determined by its confining geometry. Hence, by de-
0.4% concentration. We use nitrogen gas because of its lowsigning channels or containers of specific geometries, we can
diffusivity in water, which greatly reduces the coarsening not only control the structure of the foam, but we can use it
of the foam[13]. The bubbles are collected in a vertical to perform “logic operations” on the bubbles as the structure
capillary, diameter of which is chosen such that the bubbles flows through these channel elements.
arrange in a “staircase” structure (seg. 2) [20]. This In the following we give a brief introduction to the quasi-
is because unlike the “bamboo” structure ($ég. 2), the static computational modeling employed for low foam flow
staircase structure allows liquid to drain easily. We use this velocities, before demonstrating how simulation and ex-
in order to set the liquid volume fraction in the foam by periment are combined in some examples of channel el-
applying forced drainagié 3] at the top of the capillary. Once  ements. These should be thought of as individual “build-
the volume fraction is set, the capillary is quickly moved into ing blocks” for a more complex network of channel ge-
a horizontal position to avoid further drainage. Choosing ometries performing specific tasks of bubble manipula-
the capillary radius as small as possible reduces the amountion.
of vertical drainage in the foam while it is held horizontal.

The horizontal capillary is placed between a pressure supply4.1. Computational modeling

and the channel system. This foam is then driven through

the channel system by applying a constant gas (nitrogen) Computer simulations are vital for the efficient design of
pressure at the inlet. For a sketch of the set-up-sgeb. channel systems and to test our physical models of foams and

Images are recorded with a digital camera. The best im- foam flow. For many of our purposes it is sufficient to apply
age quality is achieved by placing the horizontal, transparent 2D simulation[27].
channel system between a diffusive, bright light source and  Simpilification can be taken further by modeling perfectly
the camera. Due to the curved nature of the interfaces thedry foams. In such a system, films are represented by lines
films and vertex boundaries appear black in the images. The(edges) and vertices by the points at which these edges meet.
bottom part of an overhead projector covered with a diffusing The wetness of the foam can then be accounted for by ad-
sheet has proven to provide the most homogeneous lighting.justing the critical edge-length at which neighbor-switching

Digital
camera

Channel

Sample
injection

+——_ Light
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Fig. 5. Setup for 2D-foam rheology: Quasi-2D channels are carved into a Plexiglas sheet, which is then glued onto another plane Plexiglas sepetsi&onod
bubbles are injected into the horizontal channel system from a capillary by applying a constant gas pressure. The system is lit from below withdan overh
projector topped with a light-diffusing sheet. Images and videos are recorded with a digital camera from above and subsequently analyzed derthe compu
using ImageJ25].
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processes between bubbles occur. The wetter the foam, thef bubbles is split into two individual ones, which are then
longer this critical length. recombined to form the same double row structure as initially
For reasonably low flow velocities we can assume quasi- present. This type of channel could furthermore be used to
static flow, whereby simulations proceed by a process of smallintroduce a well-defined phase shift between the two rows
increments in position and energy minimization, allowing the of bubbles by choosing an appropriate length difference be-
foam structure to move via a sequence of equilibrium states.tween the two separate branches.
This can be done with the software package Surface Evolver
developed by Brakkg23]. The required 2D foam structureis  4.3. The flipper
pushedthroughthe channelinthis way boundaries. After each
step the total line length (energy) of the system is minimized,  Specifically designed local narrowings or bulges in a
whilst keeping the bubble volumes constant. channel can make use of consecutive transitions between
For low flow velocities this procedure has proven very structures to re-arrange bubbles within one charfigl. 7
successful in reproducing the experimental observations. Forshows experiments and simulations of two typical examples
higher velocities, however, viscous drag acting on the surfacein which one or two “Gaussian bumps” cause a{2][1] —
Plateau borders has to be taken into account. The magnitudg?2] transition, during which the bubbles are re-arranged so
of the critical velocity at which the quasi-static approach that the two rows of bubbles switch sides in the channel.
breaks down and the flow becomes dominated by viscous Care has to be taken in choosing the initial configuration
forces depends on various parameters, of which the most im-of the staircase structure. When the foam flow is set up, one of
portant are the liquid fraction and the channel depth. Much the bubble rows will be in advance of the other by one bubble
of the work reported in Sectioh attempts to explore this  at the very beginning of the foam structure. Depending on

dependence. whether or not this is the first row which hits the “bump”, the
channel element may or may not switch them. More thought
4.2. The Y-junction will have to go into a design that will work independently of

this initial condition.
Branching channels can be used to maneuver bubbles into
different parts of a network or to (re)combine them. The ratio 4.4. The magic cross
of the channel widths of the branches determines the “sorting
algorithm™. Bubbles can easily be added, removed or replaced in a
An example is demonstratedfiig. 6(a) where one chan-  structure using T-junctions or intersections of channels with
nel containing two rows of bubbles is split into two channels individually controlled flow/pressure.
containing one row of bubbles eaéhg. 6(b)shows animage An example of a very versatile device is demonstrated
of a computer simulation for this device. in Fig. 8 Two intersecting channels contain a single row of
These processes are perfectly reliable and reversible. Thepubbles each. The main flow occurs in the horizontal channel
reversibility is demonstrated iRig. 6(c) Here a double row  from left to right. If the top of the vertical branch is closed
(so that the system is equivalent to a T-junction), appropri-
ate pressure pulses or pressure drops applied to the bottom

experiment

(b)

simulation

Fig. 7. The Flipper. (a) Two “Gaussian bumps” or (c) one in a channel can
Fig. 6. The Y-junction. (a) Experiment and (b) simulation of a channel ge- be used to provoke controlled [2} [1] — [2] transitions, which result in a
ometry which divides a structure of two rows of bubbles into two structures re-arrangement of the bubbles such that the two rows of bubbles are switched
containing one row of bubbles each. The reversibility of this process is withinasingle channel. (b) is a computer simulation of the experiment shown
demonstrated in (c). in (a).
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Fig. 8. The magic cross. Two crossing channels each contain a single row of bubbles. The bubbles in the horizontal channel flow continuously. Upon the
application of an appropriate pressure pulse in the vertical channel, a bubble from the horizontal channel (light gray) can by replaced witatghde (
from the vertical channel.

branch result in the controlled injection or removal of bub- ing gray bubbles. All the following bubbles are switched in
bles to/from the main channel. If the top branch is open, as the same way, which introduces a phase shift of one bubble
in the example shown iRig. 8 a well-timed pressure pulse between the two rows.
results in a bubble from the main channel (light gray) be-  Unlike in the other devices it is not sufficient to employ
ing replaced by a bubble from the crossing channel (dark quasi-static modeling for a full understanding of the func-
gray). tioning of this device. The initial switching process is trig-
Devices of this type could be used to inject tracer bubbles gered by the local shear of the sample structure, which is
in a network, or to remove “bad” bubbles which failed a induced by the viscous drag on the walls and hence de-
test at a detector. Moreover, they could be used to constructpends on the flow velocity. In order to tackle this problem
specific sequences of bubbles containing different chemicalwe use the Viscous Froth Mod§l6], which has proven
substances. A controlled breaking of films at a later stage very successful in reproducing experimental observations.
could provoke chemical reactions or the mixing of minute In this context we revisit the U-bend device, among oth-

quantities of gases or liquids. ers, in Sectiorb, giving a more extensive discussion of the
physics governing the operation of this device and the related
4.5. Around the bend modeling.

The flow around a tight bend exerts a localized shear onthe
staircase structure, which can be used to induce one or mores. Viscous foam flow
neighbor-switching processes between adjacent bubbles. If
applied continuously, this results in an effective phase shift  In order to meet the industrial requirements of high sam-
of the bubble rows; i.e. the inner row is shifted with respect ple throughput on a Lab-on-a-Chip, it will be important to
to the outer one. consider the effect of high flow velocities in the devices in-
Fig. 9 demonstrates an example in which one neighbor troduced in the previous sections.
switching process is trapped in a U-bend: the gray bubbles Effects of the channel walls will become increasingly im-
are initially separated by two white bubbles which touch each portant compared to bulk effects as we go down to smaller
other. Going through the bend reverses this configuration suchlength scales. At high flow velocities, an increasingly domi-
that the white bubbles become separated by the pair of touch-nant contribution is expected from the viscous dissipation of

Experiment

Simulatin

Fig. 9. Around the bend. (a) Experiment and (b) computer simulation of the neighbor switching process using the Viscous Froth Model, introdtioad in Sec
5. The neighbor switching process generates a phase shift of one bubble between the two bubble rows.
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al. [32]. Current research finds a range of valuesddre-
tween 1/2 and 2/3, seemingly dependent on the mobility of
the interfaces of the foafi32—-34]

Here we employ the “Linear Viscous Froth Model” by
settinge = 1. This allows for a much more tractable com-
putational model as outlined [&6], while still capturing the
essential viscous effects present in the system.

We implement the Viscous Froth Model in the Surface
Evolver softwarg23]. The Surface Evolveris a natural choice
as it provides all necessary book-keeping tools to keep track
of the discretization of the film network and to determine
the curvatures of the films. For a detailed discussion of our
implementation sefl6].

IAP

Direction of Motion

Fig. 10. Forces acting on a film segment of lenpth the Linear Viscous
Froth Model (Eq(5.1)with « = 1). The dissipative force that opposes mo-  9.2. Example of the Viscous Froth: foam flow around a

tion is proportional to the drag coefficientand the normal velocity, . The bend
other terms are the pressure differerc and the line tensiomp.

he il ¢ Pl bord lidi | he ch | We illustrate the power of the Viscous Froth Model by
the films (surface Plateau borders) sliding along the channe applying it to foam flow around the tight bend introduced in

walls [26]. o . Sectior4.5.

The majority of research to date ha; focqsed on quask- gimulations using the quasi-static model show no
St?.t'?] rfn(_)ldels of fc(;am r_heology (asﬁoutlmebd in qu@n neighbor-switching process taking place in the U-bend,
\r'lv. 'ﬁ ?' to reproduce important effects o servi IN SOME \yhich is consistent with the low velocity experimental re-
ngh ve oc.|ty experiments (see Sectib). We are.t USMO- gyt In this limit, the foam structure looks as shown on the
tivated to improve upon these models by considering SOME, 6t in Fig. 11, flowing around the bend without undergoing

of the viscous effects. any topological changes. Upon increase of the velagitiie

To meet these_ chgllenges, we use the so-callgd_ Viscou iscous forces of the films being dragged along the top and
Froth _Model, which is a dynam_|cal model _descnbmg the bottom plate become of the order of magnitude of the sur-
evolutlon of 2D foams. It was mfcroduced in the context ¢ ce tension force. Since the local velocity — and hence the
of domain growth[28], ffjmd has since t.’ee” used to sim- viscous force — increases towards the outer boundary of the
ulate the d.ynamlcs of isolated topologpal evgnts such as bend, an additional shear stress is imposed on the foam struc-
the relaxation of a foam system following a film rupture ture within the bend. For sufficiently high flow velocities this
[16,27,29] , . leads to a clearly visible distortion of the structure, as can be

In order to demonstrate the model’s predictive strength, seen on the rightifiig. 11 Simulations applying the Viscous

we apply it to the gxample of foam flow around the U-bend, Froth Model reproduce this distortion very well (bottom row
introduced in SectioA.5. It successfully reproduces the qual- of Fig. 1)

![tagllyehgﬁects obsgrze d mltl:g exrﬁ).er:)m tent. F|r§t stlepf to GZ' Atacritical velocityvc the shortest film in the bend shrinks
avlishing a quantitative relationship between simuiation and v, ;¢ length, triggering the neighbor-switching process,

experiment deliver promising results, which we describe be- which is generally called a “T1” transformation. Before this
low.

v=05mms v=3mms'

5.1. The Viscous Froth Model

The Viscous Froth ModeHig. 10 equates the forces (per
unit length) acting at each point of a film separating two
bubbles by

Experiment

AP —yc+ 2] =0. (5.1)

This is an extension of the well-known Laplace equaf2] Ll —
by a viscous termhvq. AP is the difference between the Simulation

gas pressures in the adjacent bubbjethe line tension (see

Section5.2), ¢ the local curvature of the film and, is its

normal velocity. The coefficient of viscous drag is denoted

. A ) asi-static iscous froth
by A. Analysis of the flow of individual bubbles in tubes es- quasrsiat viseeu

tablishedo = 2/3 [31], which is confirmed by recent work  Fig. 11. Comparison of the distortion of a foam structure going around a
on quasi-2D foam flow by Cantat et 426] and Dollet et bend without neighbor switching of bubbles (T1).
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occurs, all cells have four interior films. Upon the flipping of tional data. The foam is pushed around the bend at a range of
the film two pairs of five- and three-sided cells are generated, velocities lower tham, whilst keeping track of the minimum

of which one pair follows the foam flow and leaves the bend. line lengthLgim (Fig. 12.

The other one moves into the bend to release the stress. This The simulation data is fitted to a power law

new topology generates a succession of T1 processes for al
the following bubbles (sekig. 9).
As discussed in Sectiohb, this effectively shifts the two

be driven even further, witim T1 processes resulting in a
phase shift ofi bubbles between the two rows of bubbles.

With the Viscous Froth Model we can make a range of
predictions about the behavior of the system as a function of
various parameters, which can then be tested experimentally
One of the key quantities of interest in this problem is the
critical velocity v as a function of various system parame-
ters (e.g. bubble area, channel width and radius of curvature,
liquid fraction, etc.).

The direct measurement of critical velocities of this na-
ture in an experiment, however, are subject to significant er-
rors. We therefore consider the length of the critical film (see
Fig. 12. As the foam moves through the bend, the length of

this film decreases and then increases again, going througtb

a well defined minimum length, which we measure as a
function of the foam flow velocity. We use very dry foams
with a liquid fraction of less than 1% is increased very
slowly to provide quasi-steady conditions. By doing this we
can extrapolate to find; for L — 0, and determine the drag
coefficient by fitting the numerical prediction to the ex-
perimental data. This is possible becaus#cts as a scaling
parameter for the velocity in E¢5.1) (o« = 1).

The computer simulation of the U-bend uses the phys-
ical parameters of the experimental system: channel width
=7 x 10~3m, inner channel radius =3 x 10~3m, bubble
area = 186 x 10~°m? and the line tension = & 10~2J/m.

estimated for our system by multiplying the surface tension of

b
sim = AVgjm +d,

(5.2)

| usinga, bandd as fitting parameters. We obtain valueg e
rows of bubbles with respect to each other by one bubble. For _1 5+ 10-3 s,b=129x% 10-3andd = 1.98 x 10-3cm.

even higher velocities, the structure will again be increasingly 1¢ estimate a value for we fit our experimental data with
stressed until another edge flips to give a second T1. This canpe function

LEXp = a(z)\,Uexp)b +d

(5.3)

where the factor 2 takes into account the drag occurring on
the top and bottom plates.

From this procedure we obtain the value afx

14kgm sl Fig. 13shows an example of experimental
and simulation data, in which the latter was rescaled using
the obtained. parameter.
A direct comparison of this value with previous estimates
for the viscous drad1,26]is not straightforward. For ex-
ample, using a different value of in Eq. (5.1) changes..
However, this estimate af will assist in the design of future

5.3. Further considerations

experiments, which will also aim to establish a relationship
etweenm and the liquid fraction of the foam.

Despite the good agreement between experiment and sim-
ulation, there are some important aspects arising from this
work which deserve more attention in attempting to test the
potential and limitations of the Viscous Froth Model. We
briefly illustrate the mostimportant ones in the next sections.

5.3.1. Relaxation times

Viscous dissipation has a significant influence on howlong
The line tension is the 2D analogue of the surface tension. Itis it takes a 2D-foam to equilibratd6]. In order to provide

the solution (3x 1072 J/n?) by the depth (& x 10~3m) of simulation data o
. 02¢.. experimental data —— -
the channel, and by the factor 2 in order to account for the fact - fit ——e
that each film consists of two interfaces. The drag parameter ’g L
A is replaced by an arbitrarily choségim = 1kgm1s1, = 015 i";--im
and later determined by fitting the experimental and computa- 2 "‘°....§
3 ot
S ot #i 4
o N
/ / = h
M~ = “
\ X E 0.05 o,
) [ = .
- / 0 ‘ . .
L 0 0.05 0.1 0.15 0.2
. Velocity (cm/s)

Fig. 12. We measure the shortest edge lehgéls a function of foam flow

switching process occurs.

Fig. 13. Determination of the viscous drag parameterough fitting data
from viscous froth simulations to the experimental results. The critical veloc-
velocity v around the U-bend. If this edge gets short enough, a T1 neighbor ity is found to bev. = 0.19 cm/s The minimum film length for zero velocity
corresponds to the quasi-static simulation result.



60 W. Drenckhan et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 263 (2005) 52—-64

quasi-steady conditions in experiments, it will be important locities. The drier the foam, the more evident this becomes.
to understand the magnitudes of the various time scales in-Fig. 15illustrates this effect for a dry and a wet staircase
volved. structure. The measurements are taken for the same chan-
Fig. 14 shows an example of how measurements of the nel cross-section (B mm x 7 mm) and material used for the
minimum film lengthL (introduced in the previous section) U-bend in Sectiort.5. They seem to suggest a linear rela-
change, if the foam flow velocity is increased too quickly.  tionship between the angle deviati®and the flow velocity
In series 2,y was increased more rapidly than in series 1, of the foam, the slope depending on the liquid fraction.
leading to significantly longer lengthfor the same velocity. Various factors may come into play here, examples be-
We assign this to the fact that the foam velocity changed moreing the finite size of the Plateau borders and vertices, or
quickly than the foam could equilibrate. Hence, we deal with Marangoni effectd35]. The most important influence is
“out of equilibrium processes”, which seem important in the expected from the viscous drag caused by Plateau borders
physics of foam flow and will have to receive much closer sliding along the side walls and corners of the channel,
attention in future research. which has not been included in the Viscous Froth simulations
yet.
5.3.2. Rules of equilibrium For the highest velocities considered here, it furthermore
The physics of dry 2D foams is governed by two important seems that the interior angles deviate from the°1Z0r an
equilibrium ruleg13]: example se€ig. 16 The word “seems” is used in this context

) ] ) ) because the precise angles at the vertex are very difficult to
(1) films are arcs of circles, whose curvature is determined yotermine due to the curved nature of the edges.

by the pressure drop across the edge;
(2) films meet each other three-fold at equal angles of 120
and they meet the container boundary &t.90

In the present model, only normal forces acting on the
edges are taken into account. Recent work by Cantat et al.
[26] confirms that this is indeed a good approximation for

For flowing foams in which viscous effects are important, dry foams at low foam flow velocities. At higher velocities,
it is obvious that (1) can not hold, as the drag force varies however, the liquid transport along the Plateau borders might
along afilm, depending on its orientation to the flow direction. contribute to a significant tangential viscous force. Unlike

Rule 2, however, is always obeyed for the infinitely dry the normal force, this would have an effect on the angles at
foams employed in our simulatiofss]. To see this, consider vertices, as it acts parallel to the surface tension force.

a small control area around a vertex which is subjected to

the pressure, surface tension and drag forces imposed by th&.4. The future of modeling viscous effects in foams

edges. If we now make the control volume infinitely small,

only the surface tension forces remain. As they are equal Using the simple experimental setup of an ordered, quasi-
for every edge, the angles between the edges must be equatwo-dimensional foam structure flowing around a tight bend,

which gives 120 for interior vertices and 90for vertices at we have been able for the first time to qualitatively and quan-
the wall. titatively test the predictive strength of the Viscous Froth

The experimental situation is more complex. The most Model. Even though these investigations are preliminary, we
striking deviation concerns the angles of vertices at the wall, believe that the results given here already demonstrate the
which differ notably from 90 even for low foam flow ve- success of the Viscous Froth Model. Despite its simplicity,

7 T T T T T T T 2 T T T T T T
« series1 W ¥ series 1 ®
series2 X _ - series 2 X
6r X b E .
o x £ X
€ s x . Er w i
: s |y
L X i 2 L]
= 4 X E’ '
<_C)> X% g 1 ™ X « -
Q 3r X T ° L &K
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Fig. 14. The effect of a long relaxation time on a foam in a quasi-2D geometry: The variation of the minimum filnevigtlioam flow velocityv depends
markedly on how quickly the foam is accelerated.
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Fig. 15. The angles between films and channel walls deviate notably from the preditt&ti8@eviatiors increases very linearly with the foam flow velocity

v. The slope depends significantly on the liquid fraction of the foam.

we find excellent agreement between experiments and sim-

Understanding the precise interplay betwgand the var-

ulations to the extent that we can employ the Viscous Froth ious relevant system parameters should enable us to purpose-
Model to extract physical parameters like the viscous drag design channel elements on the computer using the Viscous

coefficienta of a foam film sliding along a surface. It re-
mains to be seen how thiscompares to similar experiments
like those of Cantat et gJ26], keeping in mind that we have
chosernx = 1in Eq.(5.1).

Above all, it will be important to understand the detailed

Froth Model. For this and other purposes it will be necessary
to establish quantitative criteria of the various approximations
that can be applied in the modeling of the foam flow. Current
research by Dollet et d132] indicates that the capillary num-
ber Ca= nvl/y (ratio of viscous and surface tension forces)

nature of the dissipation mechanism, in particular the role of by itself may not be a sufficient parameter, as originally ex-

the bulk versus interface properties and the liquid fracgion

pected. Their experiments show, for instance, that the foam

Fortunately, modern research provides us with a vast rangevelocity v and the liquid viscosity) have to be considered as
of liquids, surfactants and polymers to use as building blocks independent parameters.

for thorough investigations of the individual parameters of in-
terest. In this process it will be equally important to establish
values for the exponentin Eq. (5.1). The quantification of

We have demonstrated some effects which cannot be
accounted for within the Viscous Froth Model. It will be
important to understand their significance in order to de-

an appropriate 2D liquid fraction and its measurement, how- cide under which conditions they can be neglected or how
ever, is still an open problem, which needs to be addressed inthey could be implemented into the existing model. Partic-

this process.

Fig. 16. For high flow velocities the interior angles of a 2D foam appear to
deviate from the predicted 120Example: Plexiglas channel, width: 7 mm,
depth: 0.5mm, flow velocity = 15 mm/s.

ularly important may be the implementation of additional
drag conditions for the side walls. Guidance in the explo-
ration of the true nature of the various effects may come
from extensive research carried out on the motion of bub-
bles and bubble trains in tubes of various cross-sections
[31,36-40,26]

Further questions arise regarding the dissipation of the T1
process itself. If a continuous pressure is applied to drive
the foam through the channel, small pressure jumps should
occur during a T1. Their magnitude would give information
about the amount of energy dissipated in a T1 process. This
may provide additional insights into the bulk dissipation in a
foam.
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6. Sample storage and analysis Most importantly, we have to find out about possible
problems entailed in down-scaling the proposed methods to
Traditional microfluidic systems lack an efficient connec- the scales required by microfluidics. The generation of or-
tion between the microfluidic chip, the micro-assay (well- dered foam structures in micro-channels has been success-
plate) and sample storage. Our proposed technology solvedully demonstrated by Garstecki et §1.8]. We would like
this problem very naturally, as all three requirements can be to emphasize, however, that not every promising application
accommodated and easily connected using the same technolkequires microfluidic dimensions.
ogy, namely purpose-designed channel geometries on appro- The investigation of various surfactants will become a key
priate chips. issue for chemically sensitive applications. Chemists have
Possible examples are plentiful. An obvious geometry for provided the research community with a broad range of sur-
a combined micro-assay and storage device, replacing tradi-face active molecules (ionic and non-ionic), from which ap-
tional well plates, would be a serpentine channel containing propriate surfactants can be chosen. The food industry is a
a single column of samples structukdg. 17 shows an ex- major driving force in developing foams and emulsions sta-
ample of this type of device with two rows of samples in the bilized by particles instead of molecules.
channel. Another promising possibility may be to arrange a  An associated question is that of diffusion of chemicals
spiraling channel on a chip of conventional CD format. This between the samples. The continuous phase will have to be
would allow to built on the knowledge and technology al- chosen very carefully to prohibit or reduce diffusion. In some
ready developed for traditional CD purposes. cases, however, it might be of interest to allow a certain
If the channel system is sealed properly and diffusion be- amount of controlled diffusion for mixing purposes.
tween samples prohibited, the system can be stored foravery For some applications it might be advantageous to use the
long time. These timescales depend on the chemistry of thecontinuous phase as sample material. The volume of the often

system and could last up to weeks, months or even y&3}s expensive substances could then be reduced easily down to
0.5% of the channel volume, whilst keeping reasonably big
channels.

7. Conclusions and outlook The implementation of magnetic fluids and specifically

designed magnetic fields adds an additional dimension of re-

In this paper we introduce a novel method of sample mote manipulation. We have demonstrated its usefulness for
manipulation for microfluidic applications, based on the sample generatiofl5]. Using ferrofluids for the continuous
interaction between ordered sample structures and chanphase allows to deform and twist sample structures, to pro-
nel geometries. We have termed this technology Discrete voke transitions between them and to locally vary the volume
Microfluidics. fraction using magnetic field44].

We believe that the proposed method will have many ad-  Inour simple, large-scale geometries itis possible to move
vantages over current practice. It may not only solve severalthe sample structures by applying a pressure at the inlet of the
of the problems encountered in fluid or gas sample handling, channel system. For more complicated networks on smaller
but also has the potential to generate a plethora of excitingscales this will not be sufficient. Alternative methods will
new possibilities of sample manipulation, analysis and stor- have to be developed. These could either be based on methods
age. In an attempt to give an overview of the basic ideas already used in continuous or digital microfluidics, or exploit
of Discrete Microfluidics we could only touch on a few of some of the particular strength of the discrete nature of our
these issues. Various aspects of the method will have to besystem. Magnetic fluids, for instance, could be employed to
thoroughly investigated in the future in order to explore the drive the structures through the channels using traveling mag-
feasibility of the proposed technology for the vast range of netic fields. For this purpose, the magnetic fluids could either
possible applications in this field. constitute the continuous phase or a certain number of the
dispersed samples. These magnetic droplets could easily be
added to, and removed from, an existing structure using, for
instance, the magic cross proposed in SectidnDielectric
media in combination with electric fields might prove equally
promising.

For future applications it will be essential to design meth-
ods for the controlled merging and splitting of samples. Using
lasers to “pop” individual films between samples has proven
very successful for foan{d1]. The development of channel
sections with adjustable wetting properties may be just as
promising.

The minimization of interfacial energy and the forces as-
Fig. 17. Example of a channel arrangement which could be used for sample SOCiated with it could be utilized for various other aspects.
storage and analysis purposes. One of the more obvious examples would be the design of
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valves. If a channel geometry is designed such that the inter- [6] T. Chovan, A. Guttman, Microfabricated devices in biotechnology
facial area of a structure increases or decreases more quickly  and biochemical processing, Trends Biotechnol. 20 (3) (2002) 116-

by moving in one direction or another, it could potentially be 122.
y 9 . P y [7] S. Colin, Verrueckte fluide, Spektrum der Wissenschaft (2004) 46-50.
used as a rectifier.

. . . . Lo [8] D. Erickson, D. Li, Integrated microfluidic devices, Analytica Chimica
Atsome stage it may be interesting to consider bi-disperse ~  acta 507 (2004) 11-26.
or poly-disperse foam or emulsion structures to obtain well [9] S. Mouradian, Lab-on-a-chip: applications in proteomics, Curr. Opin.
controlled ratios between sample volumes. Generation of ~ Chem. Biol. 6 (2001) 51-56.
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