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Abstract

The liquid in foam forms an interconnected network, which is composed of Plateau borders, nodes, and films. One of the dominant
pathways for foam drainage is flow through Plateau borders, and we use confocal microscopy to obtain experimental results for the flow
fields inside individual Plateau borders. For three types of surfectiatailed comparisons are made with a model based upon the influence
of surface viscosity at free boundaries between the gas in the bubbles and the liquid in the Plateau borders. The model describes the flow:
well, and we find good agreement between thessgrfviscosity predicted by this model and repreative values founih the literature. We
also give a qualitative description of the flow in the nodes.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction variations in the cross-section of the foam container on the
drainage rates has been investigated as[d2]lL3] In all of
Foam drainage is the flow of liquid between the bub- the above cases, the drainage experiments were conducted
bles that make up the foam, and generally the driving forces on the macroscopic level, where the length scale was large
are gravity and capillarity. Liquid flows through an inter- compared to the bubble size, i.e., on the scale of centime-
connected network that consists of channels, also knownters. This is far larger than the length scale relevant to the
as Plateau borders, where the flow essentially is unidirec-fluid flow in individual channels, whose widths typically are
tional, and nodes, which are the junctions of four chan- on the order of tens of micrometers.
nels. Early foam drainage experiments dealt with the foam  Foam drainage is a complicated process that is not fully
fractionation process, which is used to remove surfactantsunderstood, and several different mean-field models have
from solution[1-3]. Another question that received atten- been proposed to describe motion on the macroscale of many
tion, was the drainage of free-standing foams due to the in- bubbles. All foam drainage models, however, are based upon
fluence of gravityf4—6]. Later, an elegant experiment called consideration of the flow on the microscale, i.e., on the scale
forced (foam) drainage was developed and modeled, whereof individual channels and nodes. These results are then
a continuous pulse of liquid injected into a foam produced suitably averaged to develop a macroscopic foam drainage
atraveling wavg7,8]. A variant of this experimentis pulsed  model, which is used for comparison with macroscopic ex-
drainage, where a small finite pulse of liquid is injected into periments. The major differences in the models are solely
the foam, and the spreading of the pulse has been investidue to the details of the microscopic assumptions, because
gated in one and two dimensiof-11]. The influence of  the averaging procedure to arrive at a macroscopic descrip-
tion from the microscopic model generally is agreed upon.
< . Therefore detailed microepic measurements are necessary
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In this work we will present results obtained from a new sufficiently fast to take movies at100 framegs and track
technique that visualizes the flow through the foams within particle velocities up te~1 mmy/s. The main advantage of
individual channelg14]. These experiments have revealed confocal microscopy is that it uses a spatial filtering tech-
that the flow through individual channels depends on the nique to achieve thin optical sections deep within the sample.
type of surfactant used to creahe foam. A variety of dif-  The tracer particles were fluorescent latex spheres, with a
ferent surfactants are investigated and we offer interpreta-diameter of one micrometernd present in the surfactant
tions based upon a model with a liquid/gas interface that hasse|ution at a volume fraction of about 18 This suspension

Newtonian surface viscosity. For channels the flow is unidi- \ya5 continuously injected into the foam a few centimeters
rectional, and therefore relatively straightforward to model. gpove the field of view. Only at low liquid volume frac-

In contrast, the flow in the nodes is more complicated, be- tions ¢ < 10-2. is the foam sufficiently transparent to en-

cause the node is the junction of four channels. Not only o6 imaging interior channels with the confocal microscope
is the modeling more complicated, but experimentally map- o5 1maging analysis software developed for tracking col-
ping out the microscopic flow f|eIQS is far more difficult as loidal particles was used to determine the flow figl6].
;Vggbrgg?fh\évzoﬁiﬁfga 0;3/1 qual(;tatlve new results for the Once the particles within the movie had been identified and
gh the nodes. located, the velocity field was determined by taking the dif-
ferences in the positions of the particles from frame to frame.
We imaged the flow fields of aqueous foams made with
different types of surfactant solutions: a protein solution,
We determined the velocity fields for forced drainage on @n ionic soap, and a nonionic soap. The protein foam was
the scale of individual Plateau borders using confocal mi- made with bovine serum albumin (BSA) and the cosurfac-
croscopy[14]. Rather than tracking the velocity of the forced tant propylene glycol alginate (to improve the foam stabil-

drainage wave on the scale of several centimeters, as hadty [16]) at a concentration of about 4/lgeach in a pH 4
been done traditionally, we trael the motion of tracer par- ~ acetic acid buffer solution. A second foam was stabilized
ticles flowing through the liquid network on the scale of Wwith sodium dodecyl sulfate (SDS), which is an ionic sur-
micrometers. factant and found in many common soaps. A third foam was

We used a ThermoNoran Oz confocal microscope, which made with Tween 20, which is a nonionic surfactant. For the
is based upon an acousto-optical device, and therefore wasSDS and Tween 20 foams, the camtration of surfactant

2. Experimental procedure
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Fig. 1. Details of the confocal imaging of the flow profiles within a singlencieh inside a foam. (a) Schematic of the experiment. The microscope ésltipp
sideways with the foaming tube attached to the translation stage. A sysinged to perfuse the foam with the solution from the top, and the foamatedre
by injecting gas into the bottom by a peristaltic pump. (b) A close-up sctiewfethe objective that images a small parallelepiped region within flaamel.

(c) The traces captured by the confocal micogee of the particles flowing through an interidrannel of a Tween 20 foam, which is inclinée= 41° to the
vertical. The flow direction of the liquid irhe channel is indicated by the solid arrew and the direction transverse to the flow is indicated by the solid
arrowe,.
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Fig. 2. The flow field of an axial slice down an int@ar channel from an SDS foam, with orientatiérr 58°. (a) The flow field of the transverse velocity,
uys, is plotted in thex” x z plane. (b) The axial velocities;,, are plotted in the’ x z plane. Note that the axial velocitieare considerably larger than the
transverse velocities, and the axial velocities at the cHadges are comparable in magnitude to the maximum velocity.

was approximately 1 4. The bulk viscosity of the protein  nels already are properly ghed for imaging, because they
solution wasu =~ 0.07 g/cm/s and that of the soap solutions are contacting the container wall.
wasu A~ 0.01 g/cm/s. Air was introduced into the bottom of Fig. 1cshows the traces of the particles moving through
the solution through a syringe needle, which produced bub- a region of the channel in about 1 s for an interior channel
bles about 3 mm in diameter. Typically the channel widths that is aligned at an angte~ 41° with the vertical. In the
werea ~ 100 um, and the channel lengths wérez 1 mm, lower right-hand corner of the figure the channel flares out
so that the liquid volume fraction was~ 10~3. This is and outside the plot’s field of view the channel joins with
small compared to conventional foam drainage experiments,three other channels to form a node. We shall denote the
where the liquid volume fractions usually span the range channel’g direction by, and the direction transverse to the
1073 < ¢ < 10", We obtained over a dozen good veloc- channelin the confocal plane ley.
ity fields altogether for exterior (i.e., channels that contact a
container wall) and interior channels of three types of foams.

Fig. 1schematically shows the details of imaging the mi-
croscopic flow profiles in foams. Since the flow is driven by . N ) )
gravity, the general flow direction is downward, and we ro-  1he particle velocities were measured in a parallelepiped
tated the microscope onto its side so that the imaging slice 910N given by the intersection of the imaging slice and a
was oriented vertically as Wleas shown schematically in channel. Tvyo cgmponents of the velocity fields are imaged:
Fig. 1a.The foaming tube is attached to the microscope’s a!ong'the direction of the' channel,, and transverse to the
translation stage, air is injected via a peristaltic pump from direction .of the channel in the plane of the confocal slice,
the bottom, and the same surfactant solution with the fluores-"~' (seeFig. 19)' : , : .

: L . o We determined the velocity profiles using a straightfor-

cent latex particles is injected above the microscope’s field . . . :

) . . . . ward procedure. The region of interest in the channel, in-
of view using a digital syringe pump. The'experlments were i oied by the box with dashed lines Fi. 16 is divided
all performed under steady drainage. Typically we used low-

ificati o h ith 2 field of vi ¢ into N ~ 10 evenly spaced bins in the transverse direction,
magpnification objectives, such as:10with a field of view o and the average axial and transverse velocities for each bin

about 250« 250 pm. We estimate that the depth of the confo- .o determined17]. For the purposes of modeling we as-

cal imaging slice is about 10 um. Fig. 1 a sketch of the  gme that the particles are uniformly distributed in each
objective lens, which images a small parallelepiped region pjip

inside the channel, is shown. Most of the interior channels  Figs. 2 and 3how slices of the velocity fields of interior
have orientations incommensurate with that of the confocal channels from SDS and protdizams, respectively. Because
imaging slice, making it necessary to search for channelseach channel is randomly oriented, it is highly unlikely that

that lie within the confocal slice. Locating interior channels, the edges of the channel are within the imaging slice. We
which were at least one bubble radius away from the walls need to introduce a coordinate systefrnx y’ x z for each

and suitably aligned with the vertical confocal imaging slice, confocal image of a channel, wheeg is along the direc-
required patient searching. On the other hand exterior chan-tion of the flow,e,: is transverse to the flow in the imaging

3. Experimental results
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Fig. 3. The flow field inside an interior BSA channel, with orientatiorr 75°. (a) The flow field of the transverse velocity,,, is plotted in thex’ x z plane.
(b) The axial velocity fieldu., is plotted in ther’ x z plane; notice that here the velocities at the chhedges are small compared to the maximum velocity.

plane ande,s is normal to the confocal slice. (This choice terfacial velocities about half the maximal velocity (we find
of axes is dictated by the imaged channel’s orientation and similar results for Tween 20 foams). On the other hand, the
is distinct from the more natural choice of axes< y x z interfacial velocities of protein channels are low compared
used for modeling if18].) The velocities do not vary sig-  to their maximal velocities.

nificantly along thez-direction, which is expected because Because flow in the nodes is not directional, visualiz-
the channels are long and slender and do not vary much ining and describing the flow is more complicated than the
cross-sectional area. Comparffigs. 2a with 2b and 3awith ~ flow in the channels. We consider an interior BSA node
3bshows that the transverse velocities, are considerably ~ whose velocity field is shown ifigs. 4a and 4bThe flow
smaller than the axial velocities,. The small transverse ~ Starts at < 0, moves downward in the direction of increas-
velocities may be attributed to slight variations in the chan- ing z, and branches out in the node region that starts at
nel's cross-section or a slight mismatch between our choicez ~ 50 Um. The velocity along thedirection,u., is shown

for the z-direction and the actual direction of flow through N Fig. 4a the velocity profile in the channel is parabolic and
the channel. itis apparent that, in the node region,has diminished. Ini-

In Figs. 2 and 3respectively, the apparent width of the tiaII_y Uy is §mal| (sedig. 4b) and it increases as the flow i:_;
SDS channel is about 50 pm, and for the protein channel theredlrfacted.ln the node region. Most |mporFantIy, the velocity
apparent width is about 80 pm. The actual widthis wider gradients in the nodes are clearly occurring on the scale of
than the width apparent from the figures; however, directly the channel widtla.
measuring: was not possible, because we do not know the
channel’s orientation relative to the objective lens, nor can
we reliably determine the boundaries of a channel. Although
the confocal mqvies only Iasteq forafew second; each, there4_1_ Flowin channels
was about a minute of downtime between movies, and on
this time scale the foam geometry subtly changed due t0  ere we summarize a modak] based on the ideas orig-
coarsening. So taking movies from different slices of the jnaly introduced by Leonard and Lemli¢?] for flow along
same channel at different depths to obtain more information e length of a realistically shaped Plateau border, with an in-
about the geometry was not feasible. terface having a Newtonian surface viscosity, The typical

There are two significant differences between the SDS radius of curvature of the channel is denoteddpyand the
and BSA velocity profiles. The first is that although the ap- shear viscosity of the bulk liquid is denoted pyWhere the
parent width of the BSA channel is greater, which suggests channel contacts either a film tive container wall a Dirich-

a larger liquid volume fraction and hence faster flow veloc- |et velocity boundary condition is assumed (i.e., the axial
ities, the BSA axial velocities are considerably slower than velocity . = 0). This boundary condition is based upon
the SDS velocities. The second striking difference is that at observations of the circulatory flow in the films, which is up-
the edges of the BSA channel, the velocities are small, aboutwards at the edges and downwards in the middle. Since the
10 unys, whereas for the SDS channel the edge velocity is velocity in the channels is downwards and the velocity field
considerably higher, on the order of 100 fanThis indicates  is continuous, there is a region between the channel and the
that the interfaces of SDS foams are highly mobile, with in- edge of the film where the velocity must be zero.

4. Analysis of the experimental data
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Fig. 4. Velocity fields of the BSA interior node in thé x z plane (cf.Fig. 118. The flow is coming from the region< 0 and flowing out ak’ < —160 pm
andz > 100 um. In (a) the surface velocity field in thedirection, along gravity, is shown, and in (b) the velocity field in f#iedirection (horizontal flow
direction) is shown.

In a previous publication we have investigated the effect
of the film thicknessw, on the numerical simulations of the
velocity fields and have developed a number of analytical ap-
proximationg18]. In particular we have shown that for thin
films the direct gravitational contribution of films to foam
drainage is negligible. IMppendix Awe demonstrate that * origin
the film thickness will not significantly affect the velocity Al - = 0=5%y,=-030
fields provided thatw <« @, a condition that is met in our
experiments.

The flow fields depend on the dimensionless parameter

M = pa/us, 1)

which we refer to as the interfacial mobilif¥9]. For low in-

terfacial mobilities,M « 1, corresponding to large surface

viscosities, the interfacial velocity is essentially zero, and the

velocity profiles are analogous traditional Poiseuille flow,

albeit in an odd-shaped channel. On the other hand, when

M > 1, corresponding to small surface viscosities, the inter-

faces are very mobile and, everything else being the same,

a higher average velocity through the channel results. The .04 * ;ri_g"gn 004

most important parameter for interpreting the experimental == T el

results isM.
A quantitative analysis of the experimental flow fields is -0.5 0 0.5

quite difficult, in part because we do not know the precise lo- X

cation of the imaging slice in the foam chanri&l. 5shows (b)

the cross-section of exterior and interior channels. Using - ) ) o )

the datacfiting methods describelow, he cross-section £ % SKe% o e postion w10 reniaton o e magno e fr ()

of the confocal imaging parallelepiped is indicated by the jnterior BSA channels offable 1and Figs. 2b and 3bAll lengths have

dashed lines, where the rectangle’s thickness corresponds t@een rescaled hy. The region between the dashed lines has thickiiess

the focal depth of the imaging slic&. We choose a locall and shows the confocal imaging slice, which defines the imaging rectangle’s

x’ x y’ coordinate system for the imaging rectangle. As indi- axes,x’ x y’, as drawn. The flow is in the-direction (out of the page).

cated in the figure, the'-direction indicates the width of the

parallelepiped (i.e., the long dimension), and thelirection The confocal slice is oriented at an angldetweeny-axis

the depth of the parallelepiped (i.e., the short dimension). andy’-axis and centered about £ 0, y = y).
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Fig. 6. The merit of fit function plotted against interfacial mobility for theerior and exterior channels of BSA, Tween 20, and SDS foams in plotéb{a)
and (c), respectively. The legend is only shown in (a). The best fit values are indicated by the symbols andTgiblenlin

In order to use numerical simulations to represent the ex-
perimental configuration for which an average velocity is

spaceM x y;, x ¢ and for each set of these three parameters
determining the value af which minimizesi. The results

measured, we need to account for the depth of the imagingare summarized ilfable 1 The sixth row and last row report,

slice, which is in they’ direction and, for the magnifica-
tions used in the experiments, I3~ 10 um. We perform
numerical simulations, as described in earlier widrk, 18],

in conjunction with a probability density representative of
the likelihood of actually observing a particle inside the
imaging slice. Hence, we introduce a functipty’) that is

a maximum along the centerline of the imaging slice and

respectively, the channel width, and the surface viscosity,
s, Obtained from the fitting procedure.

Showing the dependence of the merit of fit functian,
on the four different free parameters is difficult because
the parameter space has four dimensi#iig. 6 shows the
dependence of the minimum value bfon the interfacial
mobility for interior and exterior channels of the three sur-

goes to zero at the front and back boundaries of the imagingfactant types. The best fit, which is the global minimum of

slice. The fitted average velocity profile along thedirec-
tion, «(x), is an average of the simulated velocity field,
uS™(x’, y'), along they’ direction, which is the depth of the
imaged field,

u(x'y=p71 f p(HUS™(', Y dy', )

where we use the weighting function about the slice’s center,
/
y = O,

((D/272 —y?)"?/(xD?/8) for|y'| < D/2
0 for|y’| > D/2.
3)
The best fit to the data is determined using a merit
of fit function that compares the measured velocity pro-
file across the channefy; ™" uMS'4Y | consisting ofN

i =1’
i i i i /it fN
points, against the fitted velocity profile™, u;"};" ;:

rp, g, 1, D,0;a,yo ¢, M)
xl_/fit _

1 N xl_/msrd 2 u;fit _ u;’nsrd 2
+ : (4)
U(X;msrd) U(Ltl(nsrd)

=3 2
i=1

The arguments of are all of the variables that could pos-
sibly impact the velocity measurements. The first five pa-
rameters(p, g, u, D, 6) are known, and the last four para-
meters(a, y;, ¢, M) are unknown. Since we assume that
the particles are uniformly distributed, the standard devi-
ation of the averaged-positions within a single bin is
o (x/™S'% ~ binwidth/+/12 [20]. The best fit to the mea-
sured velocity profile is found by discretizing the parameter

POy = {

A, is indicated by a symbol. Both the exterior and interior
SDS channels have well-defined minimaMat= O(1), and
approximate bounds for the imfacial mobility at the 70%
confidence intervalareD< M < 10. For the BSA channels
M = O(10~%) and approximate bounds for the interfacial
mobility at the 70% confidence level areOM < 1, which

is consistent with the rigid boundary condition.

In Fig. 7 we show a three-dimensional plot of the min-
imum value ofx in the M x y{ plane for interior BSA,
SDS, and Tween foam channels. (Recall thgtsets the
middle of the imaging slice in the channel.) The absolute
minimum, and hence best fit, is indicated by the symbol
“+4." Unlike the SDS and Tween channels, the merit of fit
function for BSA is small forM < 1 and large forM 2 1.
This is the same behavior previously seenFig. 6. low
interfacial mobilities give better fits for protein foams, and
larger interfacial mobilitiesM ~ 1, give better fits for soap
foams.

Fig. 8 shows the velocity profiles for the SDS and BSA
interior channels, using the best fit parameters givefain
ble 1 For the BSA foam, the velocities are small at the
channel’s edges, indicating that the interfacial mobility is
low. In contrast, for both the SDS and Tween channels, the
velocities at the channel’'sdges are high, typically about
half the maximum velocity, indicating much larger interfa-
cial mobilities. The geometric arrangement of the confocal
slice through the channel, as determined by minimizing
is inset into the plots. In general, the successful movies of
particles were for channels with small angles of the imaging
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Tween 20

Fig. 7. The merit of fit functiony., plotted in theM x y(/) plane for interior BSA, SDS, and Tween 20 channels. The symbbbenotes the global minimum
of the fitting parameter space. The best fit parameters are sholabie 1
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Fig. 8. Measured and fitted velocity profiles for (a) BSA and (b) SDS intefimnnels. The small symbols “." are the individual velocities from particl
tracking; the average value is indicated by and error bars are shown. The squares connected by thediasrve are the best fits from the theory, and these
fitting parameters are given Table 1 The insets show the geometry of the confocal slice for this fitting.

Table 1

The best fitting parameters for interior and exterior channels showigs 6-9

Surfactant Channel type A M y6 a (um) ¢ (°) s (9/s)
BSA Exterior 0.23 103 —-04 25549 15 19

BSA Interior 0.07 102 0.0 19041 3 013
SDS Exterior 0.59 ? -03 3807 5 19x 1075
SDS Interior 0.06 D 01 6990 1 35x 107°
Tween 20 Exterior 0.63 3 0.0 4392 9 34x10°°
Tween 20 Interior 0.03 P 0.0 5291 4 26x107°

slice’s orientation relative to the channel, i.e., small values the two protein and four soap channels—3able 1 The

of ¢. surface viscosities for the SDS and Tween 20 foams are clus-
Likewise,Figs. 9a and 9trespectively, show the velocity  tered aboutus ~ 2 x 10~° g/s, and for the protein foams

profiles for exterior BSA and SDS channels. Because theseaboutu, ~ 0.5 g/s.

channels are contacting the container wall, one boundary We next address the issue of why the uncertainties in de-

is rigid, which diminishes the difference in overall surface termining large surface viscosities from the velocity profiles

mobility between the exterior protein and soap channels, asare large. For small interfacial mobilitied/ « 1, the ve-

compared to the difference between interior protein and soaplocity fields are very similar to those of channels with rigid

channels. Nonetheless, optimizingesults in a large differ-  interfaces. Neglecting the film thickness for interior chan-

ence in the interfacial mobility and surface viscosity between nels, the maximum dimensional velocity at the surface is
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Fig. 9. Measured and fitted velocity profiles for (a) BSA and (b) SDS extetiannels. The small symbols “.” are the individual velocities from particl

tracking; the average value is indicated By and error bars are shown. The squares connected by thedlasrve are the best-fielocity profiles, with the
fitting parameters given imable 1 The insets show the location for the confocal slice for these fits.

obtained from Eq. (17) ifil8], We next investigate the relationship between the two fit-
/3 2 cosh ted quantities, the surface viscosity;, and the channel
Usint & ( — ”)(pg“ co )M +OM?) size,a, as summarized iffig. 10 For SDS and Tween 20
24 M foams, the channel widths are in the ranged® < 80 um,
N pga“cosd 2 which is smaller than the BSA channel widths, which are
- 0‘0134< w )M +OM). ®) 70< a <230 pm. Likewise the range of the best-fit SDS sur-

face viscosities is % 107° < u, < 4 x 107° g/s, which is
considerably smaller than the range of the best-fit BSA sur-
face viscosities, 10° < u, < 2 g/s[21]. This difference can

be rationalized because the fluxes were roughly kept con-
stant in the forced drainage experiments, and the velocities
of the soap channels were larger than those of the protein
channels. Since the liquid flux is the product of the channel’s
cross-section and average velocity, the SDS and Tween 20
channels are expected to be narrower than the BSA channels.

Likewise the maximum interfacial velocity of the exterior
channels follows from Eq. (23) if18],

2 cos
Us ext ~ 0-04<%>M +O(M?). (6)

So for small values oM, variations in the velocity field are
small compared to the scatter in the velocity measurements,
and thus our method for determining the surface viscosity
from the velocity profiles is not very accurate. Only at larger
interfacial mobilities,M > 1, are there appreciable differ- i S
ences in the velocity fields that allow for more accurate de- 4-2- Comparison of surface viscosity with literature values
termination of the surface viscosity.

There is some scatter in the actual data points of the ~We have treated the surface viscosity as a free parame-
velocities (seeFig. 8, for example), and we can only par- ter in the analysis of the data and as a check we compare
tially account for this scatter. The imaging slice has thick- our values against those published in the literature. In gen-
nessD ~ 10 um and therefore the measured velocities at a eral, measuring the interfaciaiscosity is difficult, because
given locationx’ in fact are from particles that are at differ-  its effects are very subtle, and isolating the effects of interfa-
ent depthsy; — D/2 <y’ < y{+ D/2 (seeFig. 5). Using cial viscosity from other effects such as Marangoni stresses,
the distribution function frong3), we can simulate variations ~ Gibbs elasticity, or the viscosity of the underlying bulk fluid
in the modeled velocities as well. However the comparison is complicated. We have determined the surface viscosity
between the simulated scatter and the measured scatter ibased upon the flow profiles, neglecting surface forces such
not good, and typically the simulations have smaller veloc- as Marangoni stresses.
ity variations. We point out that for an individual particle, We found for SDS that there is quite a range of reported
the variations in the measured velocity are small, typically values: 10° < u <3 x 1073 g/s[1,22—24] Averaging the
a few percent. Thus other factors must account for the ex- best-fit surface viscosities from our SDS confocal experi-
perimental scatter, such as optical distortions as the light ments gives(u,) ~ 2.7 x 107° g/s, which is on the low
passes through other films and Plateau borders, or perhapside, but within the literature range. For Tween 20 we obtain
a net motion of the channel, possibly due to topological re- a similar surface viscosityf.;) = 3 x 107> g/s, which is not
arrangements, while the confocal microscope is tracking the surprising because it too is a athsurfactant molecule. The
particles. average surface viscosity taken from fitting the BSA veloc-
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Fig. 11. Traces of particles flowing through (a), (b) interior BSA channel mode and (c) exterior SDS channel and node. For presentation purpeses, th
upper flow region has been displaced above the solid linafy and the lower flow region has been displaced downward& ty

ity profiles is{us) ~ 0.45 g/s, which is much larger, and not  traces inFig. 11, no particles move out of their regions of
unreasonable considering that protein interfaces are knownorigin, indicating that both in the channels and nodes there
to form interconnected networks. is no mixing in the direction transverse to the flow.

4.3. Flow in the nodes
5. Conclusions

The confocal experiments give some insight into the qual-
itative features of the flow fields in the nodes.Higy. 11we We have measured the velocity fields in individual
present the particle traces whose velocity fields are shownPlateau borders and nodes of aqueous surfactant solutions
in Fig. 4in a different fashion. The traces are separated into draining through exterior and interior channels for foams
two regions according to wheth the particle first appears made with protein surfactants as well as an ionic and a
above or below the thin solid line drawn in the figure. For nonionic surfactant. Matching the results to theory required
ease of viewing the particles in the upper region are offset knowledge of bulk and surface viscosity as well as three
by a certain amountx’, and particles from the lower re- geometric parametera, y(, ¢). We also treated the surface
gion are offset by-Ax’. If there was mixing of the flows, viscosity as an unknown parameter. The best-fit values for
then some particles originating in the upper region should the surface viscosities of the soap foams were in the range
move into the middle region and end up in the lower region, of 4 x 10°% < u; < 4 x 10°° g/s, which are in reason-
and vice versa. However as is readily seen from the particle able agreement with literature values. In contrast, the protein
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foams had much larger surface viscosities; 4@ p, < fields. For a channelinclined at an angleith respect to the
2 g/s. The large spread in the protein surface viscosities vertical, and negligible capillary forces, the driving force for
is due to the similarity of the flow fields for immobile inter-  flow in the direction of the channel is gravitationa coss.
faces, making the determination of larger surface viscosities We denote the Plateau border radius of curvature bhe
difficult. Even under ideal contions in the lab, determining  film thickness byw, the bulk viscosity byt, and the surface
the surface viscosity of surfactant films coating a bulk fluid viscosity by us. A good approximation for the maximum
is difficult, and there is quite a variation in the values of the surface velocity for the interior channels;int, depends on
surface viscosities determined in different labs. the composite parameter of the interfacial mobility, and
The model for flow in channels is validated by the good the cross-sectional area of the chanagl; [18]:
agreement with the confocal ombscopy measurements of .
tracer particles and good agreement of extracted surface vis#s,int ~ Mﬂ arctar(\/ A/ 8), (A.la)
cosities with the literaturgalues. Although the same mod- "

elling approach, based upon free surfactant-laden interfacesVNere

with a Newtonian surface viscosity, could be used for flowin 4, — (@(a +w)?—a?r/2 )/6 and A=_M*
the nodes, the actual measurements and calculations are far MW + [l
more challenging owing to the three-dimensional geometry (A.1b)

involved. An estimate of the Reynolds number shows that Similarly the maximum surface velocity for the exterior
the flow is laminar, and the data presented here indicate thatchannel,usex:, depends on the cross-sectional area of the
there is negligible mixing in either the nodes or the chan- exterior channel that is supported by the free corAetipp
nels, which is also confirmed by macroscopic experiments and A [18]:
in foam-filled Hele—Shaw cell25]. AcinnCOSH

Aside from investigating the flow in the nodes on a more “sext™ pg%mamtaf(v A/8), (A.2a)
comprehensive level, other interesting questions are the ef-
fects of non-Newtonian fluids and a more realistic treatment
of the surfactant-laden interfaces. Experiments with non- , =O.3{arctar(ﬁ/A)]l/2{(a+w)2—a2n/4}.
Newtonian fluids have shown unusual and unexplained foam stpp
drainage behavior, which must be due to microscopic de- (A.2b)
tails of the flow fields26]. Furthermore, it is possible that We shall use these approximations to justify the assumption
in certain cases the interfacial rheology is not Newtonian and that small values for the film thickness have a negligible ef-
may exhibit shear thickening or thinnirig7]. Another dif- fect on the flow fields, upon which the present and earlier
ficult problem is understanding the Marangoni stresses thatanalysis of the confocal data was baggd]. For zero film
arise from variations of the sfactant concentration at the thickness ¢ = 0) the interfacial mobility equals the com-
interfaces and likely are responsible for the small observed posite parameted. To first order the relative variation of the
velocities in the regions where the films are in contact with maximum surface velocity with for an interior channel is

where

the channelf28]. The ability to experimentally access foam ( 12 g O(Mz))(ﬂ)
drainage on the microscale has opened up many possibili- 6—+/31 a
ties for investigating microfluidics in foams, which in turn _Alusind forM <1, (A.3)
impacts our understanding of macroscopic foam drainage. Usint(w =0) (—M/2+OMY?)) (L)
for M > 1.
Thus the effect of the film thickness on the interior channel
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flows induced by Marangoni forces. (93— M +0Wm?)(%)
A(”S,ext) ~ fOf M << 1, (A 5)
usex(w =0) | (7.7-09MY2+ OM-Y2)) (L)

Appendix A. The effect of finite film thicknesson the

velocity fieldsin channels for M > 1.

This implies that the effect of the film thickness on the exte-
In order to understand the dependence of the flow fields for channel velocity is negligible provided that

on the multi-dimensional parameter space, we shall considery, (1 121
the maximum surface velocity as representative of the flow 7 < mm{@, (7.7-0.9M77) } (A.6)
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For our microscopic experiments here, both conditions [11] S.A. Koehler, S. Hilgenfeldt, H.A. Stone, Europhys. Lett. 54 (2001)

(A.4) and(A.6) are easily met. We found that~ 100 pm,
and judging from the colors of the films the film thick-

nesses are less than a few micrometers. Carrier et al. hav

335-341.
[12] G. Brannigan, O.F.D. Bonfim, Phil. Mag. Lett. 81 (2001) 197-201.

é13] A. Saint-Jalmes, M.U. Vera, D.J. Durian, Europhys. Lett. 50 (2000)

695-701.

measured the film thickness of an aqueous foam with sur-[14] s.A. koehler, S. Hilgenfeldt, E.R. Weeks, H.A. Stone, Phys. Rev. E 66

factant sodium dodecyl benzenesulfonate using an optical

fiber[29] and found that the relative film thickness is small,
w/a < 1072a/L [30]. Thus the relative film thickness is
sufficiently small to meet the conditiopw/a) <« min{(6 —
V/3m)/12,1/9.3}. Furthermore the surface mobilities for our
experiments are limited; typicall/ <« 100 and so the con-
dition (w/a) <« min{2/M,1/(7.7 — 0.8MY/?)}, and there-
fore (A.4) and(A.6), is also satisfied.
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