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Abstract An original set-up is used to study the adhesive properties of two hearisphsoap bubbles put into con-
tact. The contact angle at the line connecting the three films is extracted g analysis of the bubbles profiles. After
the initial contact, the angle rapidly reaches a static value slightly larger thastahdardl20° angle expected from
Plateau rule. This deviation is consistent with previous experimental apndetieal studies: it can be quantitatively
predicted by taking into account the finite size of the Plateau border (the liqliche trapped at the vertex) in the free
energy minimization. The visco-elastic adhesion properties of the bubaigdarther explored by measuring the devia-
tion Ad,(¢) of the contact angle to the static value, as the distance between the two hislsitesoidally modulated.
Itis found to linearly increase with the imposed displacement amplitudeinfplase and out-of-phase components of
Af4(t) with the imposed modulation frequency are systematically probed ovegatange of frequencies.It reveals
a transition from a viscous to an elastic response of the system with aweo$semuency of the order.2Hz. Inde-
pendent interfacial rheological measurements, obtained from dfating bubble experiment, allow us to test several
modes of deformation of the surfactant monolayers. The relevdrszeb adhesive dynamic properties to the rheology
of foams is briefly discussed using a perturbative approach to Pr2i2zenodel of foams.

PACS. 47.55.D- Drops and bubbles —47.55.dk Surfactant effects -083.&Emulsions and foams

1 Introduction only in a situation where the Plateau border is in contadt wit
solid surface [11,12,13,14].
Liquid foams are concentrated dispersions of gas bubblas in Relating these local measurements (interfacial rheology a
liquid matrix. Their mechanical properties have been the f@lateau border viscous drag force) to the global rheology of
cus of a number of studies in the recent past [1,2,3]. Liquitle foams is tricky. First, it is difficult to actually sepsahe
foams exhibit quasi-elastic behavior up to a finite yieléssr different modes of dissipation. In a real foam, Ostwald mipe
or strain beyond which they flow like shear-thinning viscousg (the disproportionation of bubbles induced by gas difin
liquids. Most of the elastic response originates from the- vathrough the films) induce T1 events even in the absence of an
ation of the total film area induced by an applied shear. Tiraposed strain. Second, due to the many modes of accessible
resulting shear modulus scales;as= 2+v/R where2~ is the deformation, the motion of the vertices in a foam under sim-
surface tension of the soap film, aftithe average radius of ple strain is not affine. Describing their trajectory becsrag-
the bubbles. The dissipation is controlled, in major paytirb tremely difficult when the foam is polydisperse.
reversible rearrangements of the bubbles (T1 events). Beyond these issues, one can also question the relevance of
Other mechanisms of energy storage and dissipation haweasurements performed with an isolated film to describe the
ever contribute to the viscoelastic moduli of the foam. Thdyehavior of a macroscopic foam. In all the techniques ctlgren
have been thoroughly discussed theoretically by Buzza ehd/&sed to estimate the rheological properties of the filmsstie
[4,5]. One is associated with the interfacial viscoeldtstiof factant layers are confined by solid barriers. In contrastsfi
the soap films, which can be independently measured using real foam are bounded by fluid Plateau borders which may
a wide range of experimental techniques (oscillating besri allow the transfer of surfactants from one side to anotinghée
[6,7], thin-film interfaces [8], oscillating bubble/dro@,[L0]). case of Plateau border viscous drag, the situation is evestwo
They all consist in submitting a single mono- or bi-layer tthe resistance to motion is measured by dragging a Plateau bo
an oscillating stretching while measuring the evolutiorttef der along a solid wall, which imposes a very different hydro-
surface tension. The second source of dissipation takes pldynamic boundary to the flow as compared to a self supported
in the Plateau borders, the region of the foam where the fillefateau border.
meet and where most of the liquid content is trapped. As the One attempt to extract information about local dissipation
foam is strained, the Plateau borders move relatively tedla@ within a macroscopic foam has been recently proposed by Du-
films to which they are connected, inducing dissipativesmisc rand and Stone [15]. They optically studied the dynamic of T1
flows. This viscous drag force has been extensively studiéd kvents in a confined 2D foam (a monolayer of bubbles squeezed



2 S. Besson, G. Debrégeas: Statics and dynamics of adhesion bétveeswap bubbles

between two solid plates) and were able to relate the duratiwo cameras. The top device is mounted on a vertical displace
of the plastic process with intrinsic rheological propestiof ment stage attached to the DC motor.

the soap films. This experiment has two limitations: firsg th

friction of the Plateau borders on the confining walls induce

viscous dissipation. Second, the use of T1 events as the-defo

mation mechanism does not allow one to modulate in a con-
trolled way the dynamics of local deformation of the set of glass cell
bubbles (although this might actually be feasible with mino light source /
modification of the authors’ experimental procedure). /
In this article, we propose a new approach to study lodgl
elastic and dissipative processes in a configuration mare @i
rectly amenable to 3D foams. Two hemispherical bubbles e
put into contact and their relative distance is modulatechat
ious frequencies. In this configuration, the central filmasep
rating the two bubbles is bounded by a self-supported Riatea
border whose radius oscillates with the distance between th
two bubbles. We focus on angular measurements at the contact “«—>
line which provides most of the relevant information comeer 7mm
ing the elastic and dissipation processes. Figure 1. Schematic of the experimental double bubble device.
The article is organized as follows. In part 2, the exper-
imental set-up, the optical measurements and image agalysi
are detailed. The static results of contact angle measuntsme
are presented in part 3, together with data obtained from a
merical simulation. Part 4 focuses on dynamic properties
adhesion and also presents the results of standard rhealo
interfacial measurements performed on single films usieg t

air needle I: M

porous media

Vitton joints

The set-up is illuminated by a diffusive light source (S¢hot
r%chklight). The shadow image of the bubbles is captured on
CCD-camera equipped with a telecentric objective (Ngvita
X) to allow accurate angular and length measurements. De-

same soap solution. These results are discussed in parb5: ‘?\ﬁndmg on the studied frequency, two cameras are used: a Pul
different models of monolayers stretching are discusset anx TM-1320 CL and a Mikrotron MC1310 with frame rates
their predictions are confronted to the angular measuresnen” © 15 frames/s and 240 frames/s respectively. Image gaptu
In part 6, the application of these angular measurementsetof synchronized V.V'th the motor motion and pressure re.cgrdm
rheology of foams is discussed within the scope of Princen I:lSIe bubbles profiles are extracted by image analysis with-a su

hexagonal model [16]. Conclusion and perspectives arerdrawxel resoluﬂpn_ using th_e software ”.DL (see f'g!”e .2(c)).eTh
in part 7. symmetry axis is determined and defines the cylindricalaieor

nates(r, z). For both bubbles, the profile$z) are fitted to the
Laplace equation which relates the local curvat%fek % to
the pressure drog P across the film:

2 Experiments

An hemispherical bubble is formed by blowing air at the cone- 1 1

shaped end of a stainless steel tube, of external ralius AP =2v(—; + =) 1)
' ; ) . o R R

7mm, filled with a soap solution (figure 1). The liquid in the r(2) AP

tube is connected through a porous disk (Duran, dian2eterm, =2+ (2)

height 5mm) to a reservoir. Once the bubble is formed, the 1+17/(2)? 4y

reservoir is lowered a few centimeters to impose a small-nega

tive pressure difference between the liquid and gas phakes. h is th ; . f th Hlm: th
disk porosity is fine enough (poresize 104118) to prevent the WN€re2y is the surface tension of the soap film; the parame-
A results from the integration of equation (1) and is set by

bubble from being sucked down. The entire device is enclo bound diti h bubble. th f
in a glass cell{0 x40 x 40cm) to limit evaporation and increasei€ Poundary conditions. For each bubble, the set of parame-

the bubbles lifetime. In all the experiments, the soap swils ters ﬁ—f, )\) is extracted from the best fit of the region of the

made of tetramethyltetradecylammonium bromide (TTAB puprofiles outside the Plateau borders. The prolongationkeof t
chased from Sigma-Aldrich) 3g/L in a water/glycerol mixtur reconstructed profiles intersect in the Plateau border afided
(volume ratio of 75/25). a contact radius.. and a contact anglé as shown in figure
This device is used in two types of experiments. In singlgc). Similarly, the three interfaces which delimit the te&u
bubble experiments, a section of the air tube is squeezed pgrder obey the same equation (2) with the te%% replaced
tween two parallel plates whose separation can be sindboida , ap since these are single air/water interfavces Hare
modulated using a DC motor (Newport, LTA-HS). A pressure’ 27 . Lo
sensor (Validyne, DP103) allows us to simultaneously mnitcorresponds to the pressure difference between the liquid i
the pressure drop between the inside and outside of thedaub e Plateau border and the gas phase (bubble or atmosphere).

In the double bubble setup, a similar device is placed on top Afitting the external profile, we extract the set of Paramaate
the first one (figure 1) and their axis are carefully aligneidgis | 5 /\l> and reconstruct the Plateau border (see figure 2(d)).
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Plateau border height (squares) as a function of time for two contact-
ing bubbles. During the first 0.2s, the fast rise of the contact radius
conrresponds to the initial growth of the central film. After 0.2s, the
evolution of the contact radius is to be compared to the one of the
PLateau border height. Both series of measurements are adjusted by
rising exponential fits of the type, + Azer (solid lines) and high-

light a characteristic time of the order of 1s.
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Figure 2. Images of a double bubble static adhesion experiment @)

before contact and (b) just after contact. Results of the image anal-"** [ -
ysis: (c) external profiles fitted by the Laplace equation from which 41 1 n4r
the central film radius. and contact anglé are extracted, (d) recon- L .
structed Plateau border. 188~ . o o0 ne L o 100
Time (s) Time (s)
3 Static correction to Plateau rule Figure 4. Long-times evolution of (a) the contact angle and (b) the

contact radius as a function of the time during a contacting bubbles

In thi . fth experiment. After an initial growth, both series reach constant values,
n this part, we report on static measurements of the cont contact angle value being slightly higher than the predicted 120°

anglef. Two bubbles are brought into contact at vanishing oy, the plateau rule. The decay of the contact radius after 60s is

speed. Timé) is defined by the image of the first contact. Theributed to the gas diffusion outside the bubble. The experiment ends
time evolution of the central film radius and contact anglé  yp when one of the two bubbles break.

at short times are shown on figure 3. It exhibits a transient of
a few seconds during which both parameters significantly. var

The first~ 0.1s corresponds to the rapid formation of the cema single catenoid separated by a soap film. The contact angle
tral film: only the end of this phase can be captured even wigktween both catenoidal films was found to grow linearly with
the fast camera. During the next few seconds, the radius and ratio”22 wherer p; is the Plateau border curvature radius
contact angle keep increasing. This second stage is assbciandr, the central film radius.

with the capillary drainage of the freshly formed film toward  Thjs deviation can be qualitatively understood by first con-
the Plateau border which allows pressure equilibratiomiwit sigering an infinitely dry foam. In this case, the force eitpil
the liquid phase. This process can be monitored by measuriign at the contact line imposes the three films to me¢2at.

the evolution of the Plateau border height (see figure 3)tFopecorating the line with a Plateau border reduces the total a
2 10s, the system is equilibrated (figure 4) but a slow decay the films by a quantiteS,,, — Spp [21] which is a (neg-

of r. is still observable due to gas diffusion through the filmgtive) decreasing function of the Plateau border volume Th
This process does not affect the value of the contact ahgleyresence of a Plateau border is thus associated with a vegati
which remains constant until the bubbles breakup (aftema f@ne tension. In the specific case of the double bubble, ffése
minutes). has been described by Fortes and Teixeira [22]. They pradict

We defined., as the value of the contact angle for tim@ontact angle in the presence of Plateau border given by:
t > 10s. For all experimentsf,, is found to be larger than

120°as predicted by Plateau rule [17]. Such a deviation has
been previously observed in various experiments [18,19,20 180 1

In the last reference, similar measurements were perfooned Ocq = 120+ —

——=(284ry — S 3
e iag S = Ses) @
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In order to test this expression, several contacting bigbbfer the double bubble. It also demonstrates the accuradyeof t
experiments are performed with different values of contact angle measurement procedure. In the rest of the articleesxp
dius and Plateau border size. For each of them, the final vakien 3 will be used in order to calculate, at any moment, the
of the contact angle as well &5,., —Sp are measured. Figureequilibrium contact anglé.,(¢). This reference angle will be
5 shows the measured anglg, as a function of the predictedsubtracted from the measured angle in order to extract the dy
result obtained from equation (3). namic deviationAfy = 6(t) — b, (1).

124

4 Dynamics of adhesion

In order to probe the dynamic response of the contact angle,
a sinusoidal displacement of the upper tube is applied at con
trolled frequencies in the range 0.01-20 Hz. The double leubb
is prepared as previously described. Successive contadts a
separations of the bubbles allow one to progressively duc
L] the volume of liquid trapped in the Plateau border. All exper
iments are performed with a contact radiys~ 2mm and a

123 b

o122t 8
i

121 1
' Plateau border heiglitpg ~ 0.2mm<< r.. Figure 7 shows
the typical time evolution of.(¢) andf(t). The corrected con-
120 ‘ ‘ ‘ tact anglef.,(t) calculated from equation 3, varies between

120

121

Predicted equilibrium angle (°)

122

123

124

120.50° and 120.56°. Therefore, the main contribution & th
observed oscillation df(t) is due to dynamic effects. The evo-

Figure 5. Experimental static contact angle, as a function of the lution of these two parameters are decomposed as:

angle predicted by Fortes law (equation 3) for various values of the
radiusr. and the Plateau border volume.

This result was independently confirmed by simulations of
the double bubble experiment carried out using Surfacevevol
[23]. This software allows one to calculate minimal surface

ro(t) = 1 + Ar.(w)cos(wt)
Aby(t) = Ab(w)cos(wt + p(w))

(4)
®)

configurations under a given set of conditions. Two cornagcti 123 H‘H‘ H 2
bubbles of fixed volume are generated with different volumes {.% {H{ Hi # o
of the Plateau border. After several minimization cyclés t 122 - ** # }} * 19
equilibrated configuration is treated the same way as for the * } { {I{' 1196 ©
experiments. Figure 6 shows the numerical contact angle ver & 121 { { * g
sus the predicted contact angle value for various Platealebo %;D { l}{! 1194 &
volumes. S 120+ }{ {ﬂ* # g
Q B E
NI I T
123 S 1u9r ** * i ] 2
N T
122.5 F ¢ 1 118 } H]ﬂ* {{Hﬁ 1.88
C 122f i 1 117 ‘ ‘ ‘ : : 1.86
= 0O 005 01 015 0.2 0.25 0.3
§ 121.5 g Time (s)
Q
g Figure7. Evolution of the contact radius (squares) and the contact an-
S 12ty 7 gle (circles) as a function of the time over an oscillating period for an
oscillating amplitude of.2mm at a frequency d§Hz. The error bars
illati litude 06 f diHz. Th b
120.5 | ] are calculated from the uncertainties on the fitting parameters (equa-
tion 2). Typical standard deviations are equalton for the contact
120 ‘ ‘ ‘ ‘ ‘ radius and).2° for the contact angle.
120 120.5 121 121.5 122 1225 123

Predicted equilibrium angle (°)

Figure 6. Numerical contact angle obtained from Surface Evolver It should be noted thaf is not strictly constant : it slightly
simulations as a function of the angle predicted by Fortes law (eq@ecreases as a consequence of the gas diffusion (figure 4(b))
tion 3) for various values of the imposed Plateau border volume.  To precisely measure (w), Af(w) andg(w), r.(t) andAbq(t)
are therefore filtered to extract the Fourier componentcsso
ated with the imposed frequency. Figure 8 shows the depen-
The agreement of the experimental and numerical resulisnce of A9 with Ar./r? for three different oscillation fre-
with Fortes and Teixeira’s model validates the decoratém | quencies. It shows that the contact angle response is kvidar
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the imposed solicitation. This allows one to define two moduborder alone. In contrast, it can be understood by consigeri

associated with the in-phase and out-of-phase responsles othe viscoelastic behavior of the soap films [24,15]. As ttse di

contact angle to the modulation of the contact radius: tance between the bubbles are modulated, the films area varie
which in turn induces a variation of their surface tension. |
Gibbs approach, the surface tensigi) associated with a si-

35 nusoidal modulation of the film surface arégt) = S° +
sl © ] AScos(wt) is written, in the limitAS/S° ~ 0:
@
2.5 F B
AS AS
Y(t) =70 + E'(w) 55 cos(wt) + B" (w) g sin(wt)  (8)
~ 2f o . S S
[«=) ~
< us) 5 whereFE(w) = E'(w) + iE"(w) is the Gibbs complex modu-
lus [25,26]. This parameter can be independently evaluated
1r i sinusoidally modulating the volume of a single bubble while
05k | recording its radiug and the internal pressure, from which
’ its surface tensioBy = P/2R and area can be calculated. The
o w w w w frequency diagram of both moduli are plotted on figure 10.
o 0.02 0.04 0.06 0.08 0.1
Ar /r°
€ 100 =
Figure 8. Linearity of the amplitude of the dynamic angle deviation
with the amplitude of the normalized contact radius variations at dif- -
ferent frequencies. Squarés2Hz. Circles:1Hz. Diamonds5Hz. . |
]
E B
2 :
—E‘; 10 ; - = B
Aﬁ(w) = s O
G'(w) = — 2 6 =) G
() = = 3 oy eeos (@) (6) . Y
a
A (w) Be °
1" — 0. - O
G'(w) = 3y esin(0w) W) ]
1 L H c L L L ]
0.001 0.01 0.1 1 10
10 Frequency(Hz)
Figure 10. Evolution of the Gibbs elastic and viscous moduli with
the frequency of the oscillation for an oscillating bubble experiment.
° Closed squares: elastic modulus. Open squares: viscous modudus. Th
L . s dispersion is mainly due to uncertainties on the measurement of the
& ° internal pressure.
E_’)‘ 9 8 gé go@ 8
<} @06 .
o te
0.1 o ] 1
[} .
5 Interpretation
L[]
0.01 L ‘ ‘ ‘ In this section, we attempt to relate the double-bubble Engu
0.01 0.1 1 10 measurements to the film rheological moduli obtained froen th
Frequency (Hz) single oscillating bubble experiment. This requires tocdbgs

Figure 9. Evolution of the angular elastic and viscous moduli, estt-he evolution of each monolayer that form the double bub-

mated from equation (6) and (7), with the frequency of the oscillatiohIe system. Two situations are successively examined which

Closed circles: elastic modulus. Open circles: loss modulus. should correspond to small and large values of the yatiu ,
wherep, is the film viscosity,, is the solution bulk viscosity

andh is the thickness of the films.
Figure 9 shows the evolution 6f andG” as the frequency
is varied over 3 decades. It reveals a transition from a visco
regime at low frequency to an elastic regime at high frequen&.1 Adhesive monolayers
with a crossover around 0.2Hz.
The existence of an in-phase component of the dynamic &theny; << p;h, surfactant monolayers are adhesive: the vis-
gle signal cannot be accounted for by dissipation in thesBlat cosity of the intercalated fluid layer inhibit any relativetion
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between them. In this situation, one needs to consider sepa-

rately the central film, characterized at each time by it are

and surface tensiorb(, 2+1), and the two outer films similarly WG = f(r
characterized by, 22)*. Within this hypothesis, the evolu- %G = f(r
tion of v; and.S; are related through equation 8. Measurements

of the different surface areas in both the experiments aad th with

Surface Evolver simulations show théi(¢) + S2(t) is a con-

stant equal t@rR? for initially hemispherical bubbles. The FOR) = = 4R? (14)
variationsAS; and Ar,. (with respect to their equilibrated val-
uessS; andr,) are thus simply related, to first order, through:

,R)E' (12)
 R)E" (13)

AS,  2Ar, 5.2 Sliding monolayers

0 = ©)
0 0
5 T A different mode of surface deformations is expected when
ASy 2r) Ar, (10) Hs >> ph. In this case, the relatively low viscosity of the
S9  9R2 ng interstitial fluid allows the surfactant monolayers to sliover
] ] one another (see figure 11(b)). Under this hypothesis, the su
_ As the distance between bubbles is modulated, the thigge tensions on each side of the outer soap films can be dif-
films experience cycles of compression and stretching Wthhferent’ and are denoteg,; and~.. respectively. As indicated
turn modulate their surface tensidvg and2+ (figure 11(a)). pefore, over the whole range of solicitations explored toita!
Defining 2A~; and2Av, as the instantaneous deviations tQyrface area of each bubble is found to be constant so that the
the equilibrium surface tensiokry, force equilibrium at the jnternal monolayer does not experience any significant com-
intersection point between the three interfaces yieldsh@ pression or stretching. It yields that,; is constant equal to

limit Ay << 1): 0. The contact angle deviatiod, thus only results from
the modulation ofy.,; associated with the compression and
?'VOAQd(t) = Ay (t) — Avya(t) (11) stretching of the external monolayer, so that:
V370 A04(t) = Avear(t) (15)
() ' (b) ' Following the same scheme as before, the associated

andG” can be expressed as in equations (12) and (13), with a
geometrical factof now equal to:

r\\ 7/ \ 74 f(re, R) = \}g%?i(ﬂ (16)

Figure 12 shows the frequency diagramigfand E” to-
< gether withy,G’/ f and~,G”/ f calculated from the same set
< of data as in figure 9, within both (a) the adhesive and (b) the
sliding monolayers hypothesis. It appears that none ofethes
models correctly captures the viscoelastic adhesive ptiepe
// \\J l/ \] of the bubbles. Thehe stored and dissipated energy in the os-
cillating double bubbles experiments are overestimatettien
first model and underestimated by the second one.
Bulk and surface viscosities for the same solution (TTAB
‘ ‘ in a water/glycerol mixture) have been determined by Pibis
al. [27]. They foundy; = 2.1073Pa.s andu, = 2.10~%kg.s.
Figure 11. Models of compression/stretching of the monolayers fdEstimating the film thickness to be of the order of a fem,
a double bubble submitted to an oscillating solicitation. (a) Whefjs yields a ratio“ of the order of a few tenth, which is not

ps << puh, the monolayers are adhesive and the three films agg.mhatible with an intermediate regime of film deformatio
stretched independently. (b) Whenh << us, the monolayers are

able to slide over one another. Only the outer monolayer is actually

stretched since the internal monolayer area remains constant to the . .
first order. 6 Application to a 2D model foam

- . In this part, the consequence of such dynamic effects on the
By combining equations (6), (7), (8), (10), and (11), ong,, rhepology of foamg is discussed. W?a/ attempt to estimate
can predict, within these hypothesis, the expressiofaind |, the angular measurements provided by the double bubble
G” as a function of the Gibbs moduli as: set-up can be relevant to predict the contribution of thesfilm
! the system is assumed to be symmetric, which is the case in(@nd Plateau borders) to the foam rheological properties. O
experiments, so that the outer film have identical characteristics approach will be limited to a perturbative version of Prim@®
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Figure 12. Comparison of the Gibbs modufi’ (closed squares) and

E”(open squares) obtained from the oscillating bubble experiments,

with v0G’/ f (closed circles) andoG” /f (open circles). The later

correspond to the angular moduli measured with the double bubble ex-

periments and normalized by the geometrical paramgiet, R). (a)

Model of adhesive monolayerg(r?, R) = %% (b) Model
1 27‘82 4

. o _
of sliding monolayersf(r., R) = 3 3Rz 07

regular hexagonal model. Figure 13(a) shows the initiafigen
uration, wherer is the initial (and uniform) length of the films.
As a reference situation, we consider the quasistatic aefor
tion of the structure associated with an imposed straitong
the horizontal direction. Taking into account Plateau e
the surface conservation of each cell, Princen derives the

—

(a)

-«

Figure 13. Princen model for the deformation of a 2D hexagonal
foam. (a) Initial configuration. (b) After a small quasistatic deforma-
tion, the angles of the Plateau border remain equal to 120°. To the first
order, the vertical films length remains unchanged but their orienta-
tion change by an anglg. The other films length are modified by a
quantitydr proportional to the applied strain.

2y . 2y
oc=F= sin(¥) ~ v 19
/3 ) /3 (19)
This allows one to define a shear modulus:
o \/37
H 2€ 2r (20)

120 +A‘,-

Figure 14. Effect of the dynamic contact angle correction on the de-
formation of a 2D hexagonal structure. Contrary to the classical qua-
sistatic deformation (dashed line), the angle of the central Plateau bor-
deris no longer 120°. This deviation induces an additional rotation of
the vertical line of an angle equal to the dynamic correctidly.

The system is now submitted to an oscillating strais
& cos(wt). Atfinite oscillating frequency, one expects the Plateau

gle ¥ of the initially vertical films as well as the film lengthrule to no longer be obeyed, and a correctitfy(¢) has to be

variationdr as a function ot (see figure 13(b)):

17)

(18)

added to the angl& (see figure 14). By analogy with the dou-
ble bubble measurements, we defiifeandG” such as:

Aby(t) = G’(w)% cos(wt) + G"(w)% sin(wt)  (21)

In the limit where the structure is weakly perturbated with
regards to its equilibrium configuration (.40, << ¥), the

The shear stress on a horizontal line (indicated in figuepression oflr /r provided by Princen (equation 18) remains
13(b)) can be evaluated by considering that each film crgssialid to the first order. Substituting by ¢» + Af, in equation

this plane has a contributioRl = 2vsin(¥). Since the width
of a unit cell isrv/3, the stress is written:

19 yields a corrected foam modulus which complex form now
writes:
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~ Surface viscosity can be increased by adding dodecanokin th
G = pu[l +V3(G' +iG)] (22) solution. In contrast, the interstitial film can be rendensate

It should be noticed that this result is independent of tﬁ/ISCOUS by increasing glycerol concentration or by addulg s

physical origin of the viscoelastic process which sétsand tble polymers such as PEO (Polyethylene Oxide).

o . . . We have illustrated the possibility to use these angularmea
G”. W'th the s_olut|on L!SEd in the_ present study,_|t appears tl%%frements as a way to predict the contribution of the films and
the viscoelastic behavior of the films is responsible forahe

> ) vertices to macroscopic foam rheology. The proposed approa
served deviation to Plateau rule. But one might expect foerot P 9 brop eh

‘ that the dominai ftoct is the vi diss t.is based on a perturbative version of Princen 2D regular foam
systems that the dominaling efiect IS the VISCOUS QISsIpall,, e 1t js therefore extremely naive and will need further
Iocahzeq in the Plateau border. Regard!ess of this unitgyly ork in order to be adapted to 3D foams and to take into ac-
mechanism, the frequency d_|agram pr0\_/|ded by the dqubl_e bH unt structural disorder. However, it suggests that tps pbf
ble 3”9“'6“ measurement directly provides the contribuio geometrical measurements might provide most of the retevan
the film and Plateau border rheology to the foam modulus.

One limitati f thi hh dstob dinformation. In particular, it integrates the different des of
ne imitation of this approach nowever needs 1o be UNAesq gy gissipation, including the viscous drag associaitd

lined. Princen model of foam e!ast|C|ty IS t_)as_ed ona pely‘eciihe Plateau borders motion. In order to test these ideah, suc
regular network. In a real foam;s largely distributed and one y 5 i) adhesion data need to be confronted to standard rh
expectss” andG” to depend on the relative lengths of the fIIm%Iogical measurements on 3D foams for various chemical so-
connecting the given vertex. One is actually confrontechwi utions

the same averaging problem when trying to evaluate the macro ’

scopic modulug: of a disordered film network. This structure

parameter should control the prefactor@f + ¢G”. But this We woud like to thank K.Brakke for his help with Surface Evolver
limitation should still allow to compare different systemath simulations as well as I. Cantat and J.-F. Géminard for fruitful discus-
different film rheological properties) provided that theafio Sions.

structure is identical (same polydispersity).
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