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Vibration controlled foam yielding

Foams yield in local topological rearrangement events
known as T1events. External mechanical vibration excites
the sample foam, decreasing the local yield threshold

and enhancing the flow of foam. The flow resistance was
found to decrease with frequency up to a maximum value
after which flow remained constant. Such a decrease can
be modelled using the Guzman-Arrhenius type of energy
landscape model.
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In rheological terms, foams are time independent yield stress fluids, displaying properties of both solid
and liquid materials. Here we measure the propagation of a 2D dry foam in a radially symmetric Hele-
Shaw cell forcing local yielding. The yield rate is manipulated by mechanical vibration with frequencies
from 0 to 150 Hz. The flow speed is then extracted from the video stream and analyzed using digital
image correlation software. The data are modeled analytically by a Guzman—Arrhenius type of energy
landscape where the local yielding of foam correlates with the number of oscillations, i.e. attempts to
cross the energy barrier. The model is confirmed in an auxiliary experiment where the vibrated foam
stays in its flowing state at the same small driving pressures, where the flow of the unvibrated foam
ceases. We conclude that the yield stress behaviour of foams under an external perturbation can be
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DOI: 10.1039/d0sm00439a summarized using a simple energy landscape model. The vibration affects the films causing the stress to

occasionally and locally exceed the yield threshold. This, thus, prevents the foam from jamming as in a
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1 Introduction

The local yielding of amorphous materials, specifically foams,
its observation and manipulation are hot topics involving
basic science'™ and heavy industry.”® Foams can be used to
study the yielding of soft matter’® and flow in complex
geometries'''* as well as hidden correlations via hyperunifor-
mity, a concept that reveals systems without long-range number
density fluctuations from random (poissonian) ones.’® The
related industrial applications include topics from foam
forming,'® imbibition'” and mass transport'® covering signifi-
cant industries in manufacturing, filtration and energy.

The cross-disciplinary nature of the viable raw materials and
their complex interactions make foams an extremely intriguing
playground for soft matter due to their stability and
manipulation.'®*° Here, we consider 2D dry aqueous foams
consisting of air filled gas pockets surrounded by surfactant
layers embedded in water. The gas fraction is high and the
individual bubbles acquire a polygonal shape minimizing the
surface tension.**?

At the global scale, the stress-strain response of such foam
flow can be approximated using continuum models.”> On a
local scale, the bubble films create a solid-like structure with a
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static configuration even when the global driving is below the yield point of the foam.

complex energy landscape that changes its configuration as the
foam flows” are observed as a series of local yield events. These
plastic rearrangements are either neighbor swap events of T1
type or coarsening events of T2 type*>** triggered by shear*>™>”
or other external stimuli.

Here, we use mechanical vibrations to manipulate the foam
behavior, following the footsteps of granular flow**>* and
granular temperature.”>*® While in granular media the external
vibration affects the particles, not the interstitial medium, in
foams the bubbles are virtually inertialess, and presumably the
vibration affects the interstitial medium between the lightweight
bubbles, instead. Thus, here we can study the restructuring events
of massless spheres, or polyhedrons to be more precise. One
should note the contrast to granular media since in dry foams
the local density is preserved.

The outline of the paper is as follows. First, we introduce
or revisit a 2D circular Hele-Shaw cell® that ensures shear
strain with the continuous production of local yield events
while involving no boundary effects, such as strain locali-
zation close to walls or periodic yield events.>* The setup
is such that it can be conveniently vibrated at various
frequencies. Second, we explain how the local and global
velocities are extracted from the system using machine vision
software. Then, we interpret our results in the perspective of
the Guzman-Arrhenius type of energy landscape model.
Finally, we conclude that the vibrations affect the local
yielding and confirm this by performing two auxiliary experi-
ments in a separate geometry possessing different boundary
conditions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration of the experimental setup. A Hele-Shaw cell
of diameter d = 25 cm and gap thickness h = 0.75 mm is placed at a
distance L = 2.5 cm from the loudspeaker. The foam enters the cell from
below, from a 6 mm inlet located at the cell center. The flow is recorded
using a camera placed to 1.6 m above the cell.

2 Methods

The experiments were performed in a two-dimensional Hele-Shaw
cell made from transparent PMMA plates. The setup confines a
single layer of bubbles between two parallel plates as sketched in
Fig. 1. We use a soap-water solution that contains 2.5 wt% of
commercial Fairy dishwashing liquid. The viscosity of the liquid is
1 =1.1 mPa s measured using an Anton Paar 302 rheometer in the
strain rate range of j = 0.1 to 100 1 s~ . The solution was pushed
towards the Hele-Shaw cell through a pipe using constant air
pressure AP = 15.4 kPa. This drop in pressure is due to the
resistance of the experimental setup and the resistance of the
flowing foam. The foam was formed by injecting air in the liquid
through a needle and fed into the system though a 6 mm inlet
hole located at the center of the cell. This created a radial flow
towards the open edges of the cell.

The system was agitated using sinusoidal acoustic waves
generated by a Yamaha NSSW200 loudspeaker. The frequency
of vibration was varied over the range of 0-150 Hz. The acoustic

Fig. 2 (a) Raw image recorded by the camera during the foam flow. A good
texture in the image allows us to use the PIViab algorithm.* (b) The calculated
flow field has a radial dependence seen as a swift change from yellow to blue.
The orange square of size / x £ delimits the analysis area. Here 7 = 320 pixels =
13 mm. All the data points are not shown for reasons related to image clarity. The
figure shows an experiment where the foam is vibrated with 30 Hz frequency.
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Fig. 3 (a) Foam flow rate as a function of time for different frequencies.
The legend reports the average velocity and standard deviation of each
curve in parenthesis. (b) The instantaneous standard deviation and average
velocity both increase as a function of frequency. The normalized standard
deviation can be used as an error estimation as well as an indicator of
increasing fluctuations. The black line is a running median along the x-axis
with the window size Vaye = 20 pm s,

340 360

waves generated by the speaker vibrate the rigid Plexiglas walls
of the measurement setup creating an uniform vibration within
the measurement area shown in Fig. 2b with an orange square.
The sound pressure level was measured using the IEC 61672-1
class 2 sound level meter located one meter above the speaker.
The average sound pressure value was L, = 73 £ 5 dB or p;, =
89 mPa, which depends on the relative position of the sound
meter with respect to the subwoofer. This value was chosen to
maximize the effects of excitation while still being experimen-
tally feasible. The flow rate measurement was recorded using a
Canon EOS M3 digital camera with the sampling frequency of
25 Hz. The recorded videos were then converted to still images
with a 40 ms time difference and cropped to 680 x 680 pixels
corresponding to a 27 x 27 mm square illustrated in Fig. 2a.

3 Results
3.1 Raw data

Raw image data from the experiment are shown in Fig. 2a. The
foam is rather monodisperse having the average effective radius
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and standard deviation Ry = 0.73 £ 0.02 mm and liquid
fraction ¢, = 0.2 measured by calculating the area of bubbles
and films by thresholding the grayscale images to black (liquid)
and white (gas) binary images. To determine the velocity fields
in a flowing foam, a digital Particle Image Velocimetry (PIV)
technique was used.’” The algorithm uses two sequential
images with a time interval A¢ as inputs and returns the
displacement in an evenly spaced square grid as vectors and
the corresponding interpolated velocity field as a contour plot
as illustrated in Fig. 2b. The velocity is directed radially away
from the inlet. As shown in Fig. 2b, the velocity magnitude is
the largest around the inlet at the center and decreases towards
the edge, also inside the analysis area.

The average velocity v,y is the mean speed within the region
of interest (orange square in Fig. 2) throughout the 400 s
experiment. One value of v,, and its corresponding standard
deviation vgq consist of N = 38 x 38 = 1444 values provided by
the PIV algorithm for each time step. As a result, we determine
the flow rate as a function of time for different frequencies as
shown in Fig. 3a. For clarity, only selected frequencies are
shown in this plot. As the figure shows, the mean flow rates
differ for different frequencies. Hence, it can be assumed that
the frequency of the vibration affects the flow rate of the foam.

In Fig. 3b, the computed standard deviation and average
velocities are shown for a reduced data set: each dot represents
one time step taken At = 4 s apart. The black curve represents a
running median where a Av,, = 20 pm s~ '
along the x-axis. The color code shows the frequency used in
the experiments. The average velocity and standard deviation
both increase with frequency. The larger standard deviation
indicates a wider velocity distribution with localized regions of
high velocity. The vibration is thus expected to trigger local
rearrangements. Next we examine an Arrhenius-like energy
barrier model where the vibration triggers the local yielding
increasing the flow rate.

window is moved

3.2 Guzman-Arrhenius model

Let us consider the foam flow in a Hele-Shaw cell in the
continuum. Applying the arguments of ref. 41 one arrives at
the conclusion that the frictional dissipation can be neglected
compared to internal stresses of an elastoviscoplastic material.
The resulting foam flow can be described then by Darcy’s law
for non-Newtonian fluids such as when the flow behaviour is
represented by a Herschel-Bulkley model characterized by the
fluid parameter, n. Foams are typically shear thinning, thus the
exponent, n is less than 1. Working at a constant driving
pressure AP we next assume that the viscosity is the sum of
the continuum fluid-like global viscosity 5, and a local struc-
tural viscosity #;, which can be affected by external inputs such
as mechanical vibrations.

We then use the extended Darcy’s law for non-Newtonian
fluids,”* which implies that

g ¢ (1)
Hg+m  Mg+ny
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where the constant C’ captures the geometry of the system.
Since in what follows we have constant driving pressure and
assume time-averaged quantities, and we replace C'(AP)"" by a
fitting parameter, C.

We assume that the global viscosity , is unaffected by the
vibration i.e. it originates from wall drag or any similar effect.
The local viscosity #; includes the part of the dissipation due to
local yield events, the T1 type neighbour swap events, that are
triggered by the sinusoidal vibration. The local viscosity might
also include changes in boundary dissipation. A suitable model
is then an energy landscape model where the vibration cycle
kicks the system with a finite probability of creating local
rearrangements. These events are in fact fluidizing the system
locally and seen as an increase in the flow rate. Thus, we turn to
a Guzman-Arrhenius like model

AE — E
) ®)

where the local viscosity is reduced due to a small energy
barrier of size AE — E;*>** Here, the constant AE should be
related to a typical barrier for T1 events and thus it determines
the flow velocity without vibrations (1/vpa, + 1/v) " as we will
show later in the paper. E; is the change in the energy barrier
due to the vibration imposed on the system. Here, we assume
that the change in energy barrier E/RT oc (f/{f))? is proportional
to the square of number of vibrations per second f. Here T notes
the effective mechanical temperature similar to the kinematic
granular temperature in hard sphere ensembles and R its
constant scaling factor similar to Boltzmann’s constant.**** In
the following we note the vibration independent barrier size by

M ="M exp(

normalization factor 1, = 1, exp(AE/RT).
Substituting the local viscosity (2) to the flow rate (1), one
obtains

vA = ¢ (3)

e+ g exp(~ (/1))

where the velocity v = Q/A is the volume flow rate through the
cross sectional area A of the region of interest. Rearranging
terms, we obtain an expression for the velocity

V= (ﬁ—l—v—texp{—(%)z})l. (4)

The vimax and v, are fitting parameters defining the maximum
and minimum velocities given by

—1 C —1
VmaX:T%O(ng ) VOZW“% : (5)
The fit parameter vy, thus depends on the global viscosity
1 unaffected by the vibration and the constants C and A. The
second fitting parameter v, depends on the same parameters
as Vimax and additionally on the size of the energy barrier of a
single T1 event #,exp(AE/RT). Fig. 4a shows the fit obtained
using the nonlinear fitting procedure in Matlab. Here we can
estimate the asymptotic behavior of vy = 326 pm s~ with

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Frequency vs. flow velocity (green dots) averaged over the total

time of the experiment with the given frequency (see legends in Fig. 3a).
Using a Guzman—-Arrhenius model, the relation between the variables is
exponential. The measurement point marked by a cross has been
neglected from the fitting as an outlier. (b) Linear relation of the data
according to egn (6). Note that points bigger than vpax are not included.

maximum vibration and compare it to the unvibrated case with
velocity Vmin = 276 um s~ '. The gain in velocity obtained by
vibration is Av = 50 um s~ " or 18% which is essentially the ratio
of the two fit parameters, or the viscosities caused by the energy
barrier of the T1 event and global viscosity Vmax/Vo = 7o
exp(AE/RT)/ng = 18%. The third fitting parameter, the scaling
for the energy barrier, is (f) = 55 Hz. We expect that v, and (f)
depend on the frequency amplitude.

As the frequency increases, the energy barrier to trigger a
plastic event decreases and velocity v of the flow increases.
Fig. 4a shows that the previous expression fits perfectly to the
data. After rearranging eqn (4), we obtain the form

() olors)

which is a linear relation as shown in Fig. 4b. Note that some of
the measured velocities shown in Fig. 4a are larger than vy,y.
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Fig. 5 (a) Number of T1 events without pulse (red line) and with pulse
(black line). 30 Hz pulses of 1 s length were induced every 10 s (vertical
grey bars). The data averages are shifted to zero and the curves are scaled
by the standard deviation. (b) Autocorrelation function C(z) for both
datasets in (a). When the pulse is applied, there exists a correlation with
the number of yielding events (black line). The dashed blue line shows the
periodicity of T = 11 s in the autocorrelation function.

These points are omitted from Fig. 4b since at values larger
than vp.x eqn (6) results in complex numbers. The results
presented in Fig. 3 and 4 indicate that the vibration indeed
affects the local yielding. Next, we want to confirm our hypo-
thesis by measuring the T1 neighbor swap events directly.

3.3 Frequency triggered yielding

To investigate the effect of vibration on the number of T1 events
in a foam, an experiment with vibration pulses of one second
duration was performed. The aim was to see if the vibration
pulses cause local foam yielding manifested by an increase in
the number of neighbor swapping events.

The T1 event detection is performed by skeletonizing the
images to obtain binary data. As seen in Fig. 2a, the liquid films
are darker areas in the images of the experiment. The image
gray-levels are thresholded to extract the liquid films from the
bubbles producing binary images. Binary images are then
skeletonized. The bubble film is now seen as a one pixel wide

Soft Matter, 2020, 16, 9028-9034 | 9031
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Fig. 6 Experimental setup in the auxiliary experiment. The circular inlet
hole of the foam is marked by a blue circle and the open outlet region is
marked by a blue line. The schematic graph illustrates the sinusoidal
oscillation of the pressure.

black line on a white background allowing us to uniquely label
all the bubbles and their neighboring bubbles. Next, we com-
pare the neighbor list of each bubble between two sequential
images. We identify the T1 events based on changes in the
neighbor lists. The same procedure was used previously in ref. 2
and 13

Triggering events were performed by inducing 30 Hz pulses
during 1 s in the foam every 10 seconds. Fig. 5a shows that the
number of T1 events Npy(¢) in the foam increases (black line)
after each pulse (vertical grey bars). In contrast, no periodicity
in the number of T1 is observed for the reference case (red line).

In order to confirm the periodicity in the observed number
of T1 events Nr4(¢), we compute the autocorrelation functions
C(r) for both cases. Fig. 5b shows both the autocorrelation
functions together with a sinusoidal wave of period 7 = 11 s
(blue dashed line) highlighting the pulsing period. We clearly
observe a correlation in the vibrated case (black line).

3.4 Oscillating pressure

To confirm the autocorrelation result described in the previous
section, we create a new experimental setup where we vibrate a
hopper-inspired geometry*®*® driving it by an oscillating pres-
sure difference. We use the same experimental conditions as
those in the previous experiment, that is vibration amplitude
and liquid fraction. Here the mean value of driving pressure
corresponds to the constant pressure in the radial injection
geometry. Fig. 6 shows this experimental setup, in which the
foam flow is confined by placing a narrow opening in the Hele-
Shaw cell. Here, the decreasing pressure eventually drops the
local stress near the opening below the foam’s yield stress and
the flow stops in the non-vibrated case. This allows us to
observe the effect of frequency by monitoring the minimum
velocity near the opening, enabling direct comparisons
between the vibrated and non-vibrated cases.

The behaviour of the foam flow in the presence of sinusoidal
external pressure was studied by performing two experiments,

9032 | Soft Matter, 2020, 16, 9028-9034
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Fig. 7 Experiment with sinusoidal pressure. In (a) flow rate never goes to
zero in the vibrated case (black line), in contrast to the non-vibrated case
(dashed red line). In (b) all periods in the experiment are averaged in one
period. The same result can be seen in this figure. Flow rate seems to react
quicker to change in external pressure in the vibrated case, but foam flow
rate never goes to zero.

one with mechanical vibration and another with no vibration.
By trial and error, the vibration frequency in the vibrated case
was set to 70 Hz. The duration of both experiments was
60 minutes, during which the pressure oscillated 24 times.
The velocity analysis for the flowing foam was done using the
PIV technique described in Section 3.1. Parts of the periods
from both experiments are shown in Fig. 7a. Furthermore, the
single period mean flow rate for both cases was determined by
averaging the data from all measured periods. Graphs for mean
flow rates for both vibrated and non-vibrated cases are shown
in Fig. 7b.

The velocity does not fall exactly to zero in the vibrated case as
can be seen in Fig. 7. In the non-vibrated case, however, the velocity
goes to zero as the external pressure reaches its minimum. Thus,
vibration indeed seems to lower the local yield stress in the foam

This journal is © The Royal Society of Chemistry 2020
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which leads to observing constantly the flowing foam in the
vibrated case even when the external pressure reaches its
minimum value.

The supplementary Video 1 (ESIf) shows the raw data of
Fig. 7 side by side for the vibrated and non-vibrated case. The
difference in flow rates is also observable by the naked eye.

4 Conclusions

We have performed novel experiments where we measure the
effect of mechanical vibration on radially expanding foam flow.
We observe a relation between the foam velocity and the
frequency applied in the system, as is shown in Fig. 4. Effec-
tively, we conclude that the frequency dependence of foam flow
in the present experimental setup agrees with an energy land-
scape model. However, more general conclusions would
require testing the results with varying control parameters,
such as bubble size, flow rate, and liquid fraction, which could
not be carried out within the current study due to complica-
tions related to foam preparation, which causes complex
coupling between bubble size, polydispersity, and foam coar-
sening. The continuous vibrations decrease the local energy
barriers leading to an increase in T1 yield event rate and the
observed increase in the flow rate. We do not expect that the
vibration with the present sound pressure level alone triggers
T1 events. Here, the foam is already in a stressed state due to
anisotropic external driving and the vibrations merely lower the
local energy barrier for the T1 events. Therefore, in a relaxed
foam sample, the vibration would not likely cause any deforma-
tion, so the presence of a bias stress field is essential for the
observed behavior. The probability of local neighbor swaps,
and the local geometry fluctuations thus define the deforma-
tion rate of the system.*” The limiting maximum value of the
flow velocity is reached, when the part of the viscosity related to
the local geometrical rearrangements reaches zero.

In addition to the increment in the foam velocity, the
applied frequency increases the number of neighbour swaps,
facilitating the local yielding. A clear correlation between the
number of T1 events and the applied frequency was observed.
Finally, an experimental setup with different geometries was
implemented where the difference can be observed from the
raw data by the naked eye. Using the oscillating driving
pressure, vibration was shown to increase the flow rate of the
foam at low driving pressures.

Here, using the vibrations, we manipulate the areas of high
local fluid fractions, ie. the nodes, which are the key for
enabling foam deformation. This contrasts the case of flowing
granular media, where vibrations induce the motion of parti-
cles, which leads to a decrease in the local particle fraction,
unjamming the system locally.*® Here however, the global
volume fraction will not change due to volume conservation.
Due to the lack of direct evidence, we are inclined to think that
since due to geometrical restrictions, other degrees of freedom
are suppressed in our system, the effect observed might be due
to slight variations in the local fluid concentrations, which

This journal is © The Royal Society of Chemistry 2020
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lower the yield stress locally. Despite such differences, our
study aligns nicely with the observations involving granular
media, where the particle packing fraction,*®*° and vibration>®
as well as the interstitial medium®">? can be shown to affect the
flow rate and the clogging probability.

In the future, in addition to a more detailed investigation
of the current experiment’s control parameters, we would like
to extend these studies to emulsions and tune the interaction
and thus the energy barrier height in particle laden foams.
Also, a more detailed analysis of differences between T1 events
in vibrated versus non-vibrated experiments could reveal a
possible characteristic event timescale dependence on the
frequency.”® Additionally, the cyclic experiment allows for
studying the memory effects related to T1 events.
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