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Abstract

A Stokes experiment for foams is proposed. It consists in a two-dimensional flow of a foam, confined between a water subphase and a top
plate, around a fixed circular obstacle. We present systematic measurements of the drag exerted by the flowing foam on theshstacle,
various separately controlled parameters: flow rate, bubble volume, solution viscosity, obstacle size and boundary conditions. We separate the
drag into two contributions, an elastic one (yield drag) at vanishing flow rate, and a fluid one (viscous coefficient) increasing with flow rate.
We quantify the influence of each control parameter on the drag. The results exhibit in particular a power-law dependence of the drag as a
function of the solution viscosity and the flow rate with two different exponents. Moreover, we show that the drag decreases with bubble size,
increases with obstacle size, and that the effect of boundary conditions is small. Measurements of the streamwise pressure gradient, associate
to the dissipation along the flow of foam, are also presented: they show no dependence on the presence of an obstacle, and pressure gradiet
depends on flow rate, bubble volume and solution viscosity with three independent power laws.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Liquid foams are made of polyhedral gas bubbles sepa-
rated by thin liquid boundaries forming a connected network.
Liquid foams, like colloids, emulsions, polymer or sur- The liquid phase occupies a small fraction of the volume of
factant solutions, are characterised by a complex mechanicakhe foam (several percent). The mechanics of liquid foams is
behaviour. Those systems, known as soft complex systemsyich: foams are elastic, plastic or viscous depending on the ap-
are multiphasic materials. Their constitutive entities are in plied strain and strain rafg]. This behaviour has been shown
interaction, generating internal structures, which cause thein rheological experiments performed on three-dimensional
diversity in the fluid rheological behavio{t]. Liquid foams (3D) foams[3—6]; models have been built to account for this
are convenient model experimental system for studying the diversity of rheological behavioli7—10]. However, the vi-
interplay between structure and rheology, since their internal sualisation of the foam structure is technically difficult in
structure can be easily visualised and manipulated. 3D[11,12] although progress have been made recé¢h8y
Moreover, the drainage of the liquid phase due to gravity
may occur in 3D, making the fluid fraction and therefore the
rheological moduli of the foam inhomogened(4]. An in-
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cause an inhomogeneous coarsening of the foam, thus an in- camera |;|
homogeneous repartition of the bubble size.

For all these reasons, the mechanics of foams has been obstacle
studied in two dimensions, where the direct visualisation of :m;{'t‘; t secssssseae  seesss ;
the structure is easier, and no gravity-driven drainage occurs . [I
if the system is horizontal. The system is then either a true
2D system like a Langmuir foafil5,16], or quasi 2D system Qm‘trogen
constituted by a monolayer of bubbles, either at the free sur- ekte
face of the solution (bubble rgft7,18]), or confined between @ _
two horizontal transparent platgi®,20], or between the sur- e
face of the solution and an upper horizontal transparent plate - air e
[21,22] The deformation and motion of individual cells have
been forced and studied in different flow geometries: simple liquid
sheaf17], flow in a constriction or around an obstaf?®], fiber
Couette flonf19,18] Some authors have been particularly in- (b)
terested in the dynamics of bubble rearrangements during the
flow: the spatial distribution of the rearrangeme}itg,19], Fig. 1. (a) Experimental setup. The arrows indicate the flow of gas and foam.
the stress relaxation associated with the rearrangerfigjfs ~ (°) Detailed sketch of the obstacle.
the deformation profil¢23], the averaged velocitji9,20]

However, no mechanical measurement has been performed
in those last studies.
In this paper, we study the mechanics of a foam flowing

10 cm width and 10 cm depth. The soap solution is a solution
of commercial dish-washing fluid (1% in volume) in puri-

in relative displacement with respect to an obstacle, at a con-_. . . )
. R fied water, with added glycerol when the viscosity needs to
stant velocity. In a Newtonian liquid at low Reynolds number, . . X o
be varied Sectio.1 The surface tension of the solution is

the force would vary linearly with the foam-obstacle relative o i
. : . Lo .7y =26.1mN/m. At the beginning of each experiment, the
velocity, the proportionality factor being linked to the liquid I ) X .
) k . . . channel is filled with the solution, with a 3.50 mm gap be-
viscosity and the size of the obstacle. This experiment then - ! ;
tween the liquid surface and the coverslip. The foam is pro-

gives information on the “effective viscosity” of a flowing : . . .
: ) . duced by blowing bubbles of nitrogen in the solution, at one
foam. Such a Stokes experiment has first been performed in : . .
end of the channel, in a chamber bounded by a barrier which

a 3D coarsening foam by Cox et 4] and de Bruyr{25] . allows a single monolayer of bubbles to form. The continuous

Here, the force exerted by the quasi 2D foam on the obstacle 'Sgas flow makes the foam flow along the channel, between the

surface of the solution and the coverslip. A typical image of
the flowing foam observed from above is displaye&ig. 2

measured, as a function of the flow velocity, in a 2D geometry.
A similar experiment has been performed recently to inves-
tigate the elastic regime of a 2D foam and measure the foam
shear modulu$l6]. In the experiments presented here and
described in more details j@6], the foam flows permanently

The system used is a monolayer of soap bubbles confined b
tween the surface of the solution and a horizontal plate. This
allows measuring accurately forces exerted on the obstacl
and dissipation along the flow, and varying easily the foam
internal parameters such as the viscosity of the solution, th
bubble size, and the geometry of the obstacle.

The article is organised as follows. The experimental ma-
terial and methods are presented in SecHgthe results are
shown in Sectio for drag, and in Sectio4 for dissipation.
These results are discussed in Sectipand conclusions are
exposed in Sectioh.

2. Materials and methods Fig. 2. Photo of foam flowing from left to right around a circular obstacle of
diameter 30 mm. The bubble size is 16.0 fnfnote the monodispersity of
2.1. Foam production the foam), and the flow rate is 174 mL/min. The walls of the channel (width

10cm) are visible at the top and bottom of the picture. The stretching and
. . X shearing of bubbles due to the presence of the obstacle is clearly visible
The experimental setup is presentedrig. 1(a) The ex- around the obstacle. The surface of the observed field.ix180.2 cr?,
periments are performed in a glass channel of 110 cm length,and 1 pixel side equals 0.20 mm.
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2.2. Obstacle and force measurements but it only influences transients, which are not considered in
this paper: each measurement is performed in a stationary
The obstacle stands in the middle of the channel. It is a regime. Reversibility and reproducibility tests give an upper
buoyant mobile plastic object connected to a fixed base by abound for the force measurement errors: 0.2 mN, to be com-
soft glass fiber. The bottom extremity of the fiber is rigidly pared to the typical forces, of the order of 5 mN.
fixed. Its top extremity simply passes through a hole drilled
in the bottom of the obstacl&ig. 1(b). Therefore, the fiber  2.3. Dissipation measurements
can slide inside the horizontally moving obstacle, without
applying any undesirable vertical force. Moreover, the fiber ~ The foam flowing in the channel experiences viscous fric-
is lubricated by the liquid, which avoids solid friction against tion, because of the velocity gradients between the bubbles,
the obstacle. the coverslip and the subphase, and it exhibits energy dissi-
The horizontal forceF exerted by the foam on the ob- pation through a pressure drop. If the channel remains hor-
stacle tends to pull it streamwise; it is balanced by the hor- izontal, the thickness of the foam thus decreases along the
izontal drawback forcé"y from the elastic fiber, whose de- channel, because its bottom is in contact with the subphase
flection is designed by. The calculation of this force is  subject to hydrostatic pressure, and the foam can even run
classical in the theory of elasticity; for a given displace- over the tank at its open end. We overcome this difficulty by
ment X from the position at rest of the mobile part, the tilting the whole setup thanks to a screw, so that the foam
drawback force writef27]: Fq = —KX, where the rigidity recovers constant thickness along the channel. Furthermore,
K writes: K = 3rED*/64L3, with D = 240um is the fiber the level differencé one has to impose between the two ends
diameter,L is its vertical length andt is its shear modu-  of the channel provides a simple measurement of the pres-
lus. The fiber has been calibrated by measuring its deflectionsure dropA P of the foam through the hydrostatic pressure
under its own weight, giving the value of the shear modu- in the subphaseA P = pgh, wherep is the volumetric mass
lus: E = 6.7 x 1019Pa. This value is compatible with typ-  of the solution and; = 9.8 ms 2 the gravity acceleration.
ical values of the shear modulus of glass: (6x7)0°Pa. The thickness of the foam is measured at both ends of the
We use two different fibers, of vertical length= 34.8 mm channel by eye, thanks to a graduated rule placed on the side
andL = 424 mm, depending on the magnitude of the force of the channel. When these measurements are done carefully,
to measure. We have checked that for given experimentaldifferences of thickness af 2 = 0.1 mm are detected. This
conditions, the same force is measured with both fibers (datayields a precision much better than the typical pressure drop,
not shown). The displacement is measured by tracking thewhich correspond to level differences of order 2 to 15 mm.
position of the obstacle with a CCD camera placed above We have checked that when the thickness of the foam
the channel: the actual position of the obstacle is given by is equal at both ends, it also remains constant along the
the coordinates of its center, obtained by image analysis. Thechannel, which means that the rate of dissipation per unit
position of the center of the obstacle is known with a preci- length is also constant. Instead of the pressure dr&pwe
sion of 0.02 mm, much lower than the typical displacement will therefore deal with the pressure gradiéhP? = AP/L,
(5mm to 1 cm). When the obstacle has reached a stationarywhereL = 110 cm is the length of the channel. We have also
position under flow, the drawback force exactly compensateschecked that the pressure gradient does not depend on the
the force exerted by the foam, which is then directly deduced presence of the obstacle, measuring the same pressure drop
from the measured displacement. with the three different obstacles studied in this paper and
The obstacle is in contact with the coverslip. This is neces- without obstacle (data not shown). This enables to consider
sary for the foam to flow around the obstacle and not above, the pressure gradient as the relevant parameter to quantify the
but this may induce friction. Nevertheless, in the setup pre- dissipation of the foam flowing in the channel.
sented here, the obstacle is in contact with a single plate;
this reduces the friction in comparison with an experiment 2.4. Control parameters
performed in a Hele-Shaw cell, where the foam is confined
between two plates. Furthermore, the obstacle is constituted A first control parameter is the nitrogen flow rg@ewhich
by a hollow part closed by a watertight screlid. 1(b). It is adjusted using an electronic controller (Brooks Instrument
can thus enclose a tunable volume of air, which enables toB.V.) driven by a home-made software. The range of avail-
tune its apparent density, chosen for the obstacle to float atable flow rate runs on more that three decades, from 1 to
the surface of the solution without applying an undesirable 2000 mL/min, with a precision of 0.1 mL/min. We express
vertical force on the top plate. In the presence of the foam, the our measurements as functions of flow rate rather than of
obstacle is in contact with the top plate through a capillary foam velocity throughout the text, since it is a precise and
bridge, avoiding solid friction. We check for each experiment unambiguous control parameter; the foam velocity field is
that the obstacle is not stuck: its position fluctuates under thecurrently investigated by the authors. Another control pa-
slight flow heterogeneities, and results presented below av-rameter is the bubble volume. It is indirectly determined by
erage the position of the obstacle over 50 successive imagesneasuring the surface density of bubbles against the coverslip
with an interval of 2 s. Viscous friction cannot be eliminated, thanks to image analysis, using NIH Image software. Since
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3. Drag measurements
3.1. Influence of solution viscosity

We study the variation of the dragrsughe flow rate and
the solution viscosity, for the five different viscosities indi-
cated in Sectiof.4. All these measurements are performed at
afixed bubble area of 20 mfiyand we use a circular obstacle
of diameter 30 mm.

We observe two general featurésd. 4), independent of
the foam thickness is kept equal to the initial 3.50 mm gap the value of the solution viscosity: the drag does not tend to
between the surface of the solution and the coverslip, there iszero at low flow rate, and it increases with flow rate. The first
a unique relation between the bubble volume and the meanobservation is a signature of the solid-like properties of the
surface density. Instead of this surface density, we will refer foam. The second feature is related to the fluid-like properties
throughout this paper to its invert, that we call bubble area. of the foam. The data are well fitted by a linear lawig(. 5):

This parameter differs slightly from the bubble area one can
measure directly on an image, because it includes the waterf” = Fo +mQ. 1)
contained in the films and Plateau borders surrounding bub-
bles. For a given injector, the bubble volume increases with _ . . X )
erties of the foam, and the slope is the viscous coeffi-
the gas flow rate. To control these two parameters separately, . . . . .
. tient, since we can dimensionally deduce fraran effective
we blow the gas through one to six tubes (or needles) of same . . i .
. . . viscosity i for the foam:u ~ mS/R, whereS is the cross-
diameter simultaneously, keeping constant the flow rate per

tube, hence the bubble volume. Furthermore, the diameter ofS(.eCtIon of the foam, apﬂ |s.the typlqal size Of the obstacle.
Yield dragversussolution viscosity is plot ifFig. 5(a) and

these injectors can be varied, which changes the flow rate per

tube for the same bubble area; hence, for a given bubble voI-V'SE?USS((:;))eS ?gﬁg‘;ﬁ;ﬂ?ﬁﬁ%ﬂ d\:sc?sgis?;lt?élf(?g depen-
ume, typically 10 different values of flow rate are allowed. 9 y 9 y P

We alwavs produce monodisperse foams: the bubble areadisgam of the solution viscosity. This was expected, because
ySp P ' ield drag is only related to the yield properties of the foam,

order, measured as the ratio of the standard deviation with th . .
S which depend on surface tension and bubble gi8¢ The
mean value of the bubble area distribution, is less than 5%. . . . _ B
(13£ 7)% decrease with the solution viscosity is due to a

Six different bubble areas were used: 12.1, 16.0, 20.0, 25.7, . :
. . L (7 + 1)% decrease of surface tension with the glycerol rate
31.7 and 39.3 mr) with a relative precision of 3%. The study - . . ,
in the solution (data not shown), in agreement with aqueous

of smaller bubbles would be problematic, since a transition __. :
mixtures of glycerol without surfactant, whose surface ten-

from bubble monolayer to multilayer occurs at low horizon- . : .
) . A sion decreases by 7% from pure water to a mixture with half
tal area/height ratif28]. At the other extremity, it would be .
glycerol in masg30].

difficult to make a monodisperse foam with larger bubbles. Fig. 5(b)shows that the viscous coefficient increases with

Another tunable parameter is the viscosity of the solution. the solution viscosity. The data can be fitted by a power law

We control it by adding glycerol to the initial soap solution. . . . .
We have used);ive diff?ergezt solutions, with 0, 20 p30 40 and (insert ofFig. 5(b), that yields the following dependency of
' LT viscous coefficient on solution viscosity: oc 1977005,

50% glycerol in mass. The respective kinematic viscosities
measured with a capillary viscometer (Schott-&eyat room
temperature, are equal to 1.06, 1.6, 2.3, 3.8 and 9.3mm
The variation of viscosity due to the variation of room tem-
perature is lower than 4%.

Different obstacles have been used. The basic obstacle,
whose density is tunable, is a cylinder of diameter 30 mm on
which additional profiles can be fixed. We have studied three
different obstacles: two cylinders, of diameter 30 and 48 mm,
and a cogwheel of diameter 43.5 mm, with circular cogs of
diameter 4 mmKig. 3). For each obstacle, the apparent den- 1F
sity is adjusted as described above to avoid solid friction. As 0 L
said previously, the presence of the obstacle influences the 0 100 200 300 400 500 600 700
measurements of drag, but not those of dissipation. Eraw:ate: (mLimin)

As afinal remark about control parameters, for given solu- _. o
tion viscosity, area and obstacle, various flow rates are avail- Fig. 4. Dragersusflow rate, for solution viscosity equal to 1.08)( 1.6

! . e - (@), 2.3 @), 3.8 (1) and 9.3 mrA/s (¥). The straight lines are linear fits of
able (from 5 to 13 in the following data), with greatest flow e data. The bubble area is 20 fiand the obstacle is a circle of diameter
rate at least 20 times greater than the lowest one. 30mm.

30 mm

Fig. 3. Top views of the three obstacles.

where Fy is the yield drag, as a reference to the yield prop-

Drag (mN)
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Fig. 6. Dragvs.flow rate, for bubble area equal to 124),(16.0 (J), 20.0
(4), 25.7 (1), 31.7 (v) and 39.3 mrA (x). The straight lines are linear fits
of the data. The solution viscosity is 1.06 imand the obstacle is a circle
of diameter 30 mm.

different radius and a cogwheel. This enables to study the
influence of the size of the obstacle and of the boundary con-
ditions: the foam slips along the smooth cylinders whereas
the first layer of bubbles around the cogwheel is anchored in
the cogs. As in the previous subsection, the solution of vis-

Viscous coefficient (mN.min/mL)

, " cosity of 1.06 mr/s is used. A bubble area of 16.0 fimas
=1t % chosen in order to adapt the bubble size to the cog diameter,
(b) Bulk viscosity (mm?%s) for the bubbles to be correctly trapped in the cogs.

As expected, the drag increases with the size of the ob-

Fig. 5. Results from fits térig. 4. (a) Yield dragvs.the solution viscosity stacle Fig. 8). The results of the linear f{tl) are displayed

(semi-logarithmic scale), and (b) viscous coefficenthe solution viscosity
(linear scale). Insert: log-log plot. The straight line is the linear fit: its slope
is 0.77 £+ 0.05.

3.2. Influence of bubble area

We now turn to the study of drag versus flow rate and
bubble area. All the measurements are done without adding
glycerolin the solution, at a constant viscosity of 1.06#/8n
The obstacle is a cylinder of radius 30 mm. We study the six
bubble areas indicated in Sectidd, from 12.1 to 39.3 mrh

We find again the signature of the viscoplastic properties of
the foam Fig. 6), with a non-zero yield drag and an increase
of dragversusflow rate. Performing the linear fitl), we
get the yield drag and the viscous coefficient, plottedsus
bubble area irfrig. 7.

Fig. 7(a)evidences that the yield drag is a decreasing func-
tion of the bubble area. This is coherent with the fact that both
quantities used to describe the solid properties of the foam, its
shear modulus and yield stress, are also decreasing functions
of the bubble siz¢31,3,4] Fig. 7(b)shows that the viscous
coefficientis also a decreasing function of bubble area, except
for the last point. Further analysis of these data is somewhat
complex, and will be discussed in more detail in Seckdh

3.3. Influence of obstacle size and boundary conditions

3 T T T T T
L]
L 1
=
E 2L ¢ ¢ J
o ¢
o
o
@ 1t 1
=
0 L L L L 1
0 10 20 30 40
(a) Bubble area (mm?)
= t
E 610° 1
o
€ ¢
z ¢ f
E ; A
= ’
-3
:g 3107 [ ]
=
()
a ]
[&]
w
>
E ]
®
< 010° . . \ . L
0 10 20 30 40
(b) Bubble area (mm?)

We now _Stuij a th_lrd Con_trOI parameter: the QbStade ge- Fig. 7. Results from fits t&ig. 6. (a) Yield drag and (b) viscous coefficient
ometry. As indicated in Sectiah4, we use two cylinders of  ys_pubble area.
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Fig. 3shows that the increase of drag with obstacle diame-
teris close to linear, and we fit the data by a linear law passing
] through zero. This is a way to study the influence of bound-
ary conditions, since it enables to consider the cogwheel as
an effective obstacle, whose effective diameter is given by
the fitting line for the values of yield drag and viscous coeffi-

] cient of the cogwheel. This effective diameter is to compare
to the three possible choices described above for the diameter
of the cogwheel. Concerning the yield dr&ig. 9(a)shows

that the effective diameter is close to the outer one, whereas
for the viscous coefficienig. 9(b)shows that it is close to

the inner one. This difference between the behaviour of the
cogwheel for yield drag and viscous coefficient is discussed
in the next section.

Drag (mN)

o} 200 400 600
Flow rate (mL/min)

Fig. 8. Dragvs.flow rate, for the following obstacles: cylinder of diameter
30 mm @), cogwheel of diameter 43.5 mm with cylindrical teeth of diameter
4mm (), and cylinder of diameter 48 mnéJ.

in Fig. 9(a) and (byersusobstacle diameter. There are three 4- Dissipation measurements
possible choices for the cogwheel diameter: a mean diame-

ter of 43.5 mm, which would be the diameter of the obstacle )
without cogs, an inner diameter of 39.5 mm if the cogs are simultaneously and independently measured. We thus present
systematic measurements for the pressure gradient like for the

excluded, and an outer diameter of 47.5mm if the bubbles .

trapped in cogs are included. Hence, three points are repredrag. studying the same control parameters except the obsta-

sented for inner, mean and outer diameter of the cogwheel incf’ whose presence do not change the results, as mentioned
above

For each experiment, the drag and the pressure gradientare

Fig. 9
5 : . ‘ 4.1. Influence of solution viscosity
4f e We study the variation of the pressure gradiesrsushe
=z flow rate and the solution viscosity, for the five different vis-
% 3t 1 cosities indicated in Sectidh4. All these measurements are
g . performed at a fixed bubble area of 20 fim
- 2f ] We observe that the pressure gradient increases with both
& the flow rate and the solution viscositlig. 10(a). These
Al 1 tendencies are quantified by the log-log plei( 10(b). For
each solution viscosity, the data are well linearly fitted, in-
0 . w : . dicating that the pressure gradient depends on the flow rate
0 0. = & @ o with a power-law dependence. Furthermore, all fitting lines
(a) Obstacle diameter (mm)

1107?

are nearly parallel; this exponentis thusindependent of the so-

' : ' ! lution viscosity, and its value obtained by averaging over the
€ five solution viscosities equals@2 + 0.03. To quantify the
S 810l i d d . . .

) AR ependency of the pressure gradient on the solution viscos-
E . ity, we thus use the following fit: lo§ P = 0.62logQ + m2,
E SIREE and plot the coefficientz,, as a function of the logarithm of
8 . t the solution viscosity ifrig. 11 The data are again well fitted
g 4107 by a linear law, indicating another power-law dependence of
; 4 the pressure gradient, on the solution viscosity, with an ex-
g 1 ponent equal to @1+ 0.04.
2
010° . ‘ s .
0 0 20 30 40 50 4.2. Influence of bubble area

(b)

Obstacle diameter (mm)

We now present the study of pressure gradient versus flow

Fig. 9. (a) Yield drag and (b) viscous coefficiers. the obstacle diame-

ter. The cogwheel is represented by three points, which correspond to the
three possible choices for its diameter: inner diameter of 39.5 mmojleft
mean diameter of 43.5 mm), and outer diameter of 47.5 mm (right The
straight line is a linear fit to the two cylinders data passing through zero.

rate and bubble area. All the measurements are done with-
out adding glycerol in the solution, at a constant viscosity
of 1.06 mnt/s. We study the six bubble areas indicated in
Section2.4.
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Fig. 10. (a) Pressure gradievs. flow rate, for solution viscosity equal to Fig. 12. (a) Pressure gradienst. flow rate, for bubble area equal to
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9.3mnf s (v). (b) Log-log plot of the same data. and 39.3mrfA (x). (b) Log-log plot of the same data.

We observe that the pressure gradient increases again witlwithin the experimental errors. To quantify the dependency
the flow rate, and decreases with the bubble dfep (2(a). of the pressure gradient on the bubble area, we use the fit:
The log-log plot is displayed iRig. 12(b) The relative vari- logV P = 0.58logQ + m2, and plot the coefficienty, as a
ation of bubble area is smaller than the one of solution vis- function of the logarithm of the bubble areakig. 13 The
cosity, but for each bubble area, the data are again well lin- data are remarkably linearly fitted, indicating a third power-
early fitted with fitting lines nearly parallel, yielding an ex- law dependence of the pressure gradient, on the bubble area,
ponent of 058 & 0.04 for the power-law dependance of the with an exponent equal te0.33+ 0.01.
pressure gradient on the flow rate. This exponent is com- To conclude this section about the dissipation measure-
patible with the one obtained in the previous subsection, to ments, we have shown that the pressure gradient has a power-

0,9 ‘ T T . 07
¢
0,8} ] 0,65
o~ ® o
E £
< 07+ = 06 |
Qo L) @
2 ©
T o0sf 5 o055l
Q S
& &
0,5 e 1 05|
0,4 . . . . 0,45 . \ s . s
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log, , solution viscosity (mm?/s) log, , bubble area (mm?)
Fig. 11. Coefficientn, of the fit logV P = 0.62logQ + m> vs.the loga- Fig. 13. Coefficientn, of the fit logV P = 0.58logQ + m> vs.the loga-

rithm of the solution viscosity. The straight line is a linear fit of the data. rithm of the bubble area. The straight line is a linear fit of the data.
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law dependance on the three studied control parameters: flowthe quantity F(Q, v) — Fo]®%%/V P(Q, v) does not signifi-
rate, solution viscosity and bubble area, with three indepen- cantly depend neither on flow rate, nor on solution viscos-
dent exponents? P o« Q*v# A®. However, the values we got ity This confirms that both the dissipation and the velocity-
for g ands depended on two different chosen valuesdor  dependent part of the drag are generated by a common
respectively 0.62 and 0.58, and they are therefore biasedmechanism, the viscous friction between bubbles and solid
Unbiased values are obtained by direct fit of the whole data poundaries.

(89 independent experiments) by the triple power-law above,  Furthermore, the scaling®) shows that the exponent of
and we finally get the following scaling for the pressure the pressure gradient significantly departs frof8,avhich

gradient: is the exponent expected for tangentially perfectly mobile in-
0.59£0.01 0.46.£0.02 terfaces (implicit assumption in Brethertqn@ thef88]), as
V P (Pa/m)= (10.0 & 0.4) ( 0 > (V> We_II as from 12, predicted yalue for rigid interfacd34].
Vo This probably means that with the used surfactants, the be-
A\ —0.34£0.03 haviour of the interfaces lies between these two extreme
(A) , cases. This also shows the probable limitation of validity of
0

the scaling42) and (3)to the present study, because one ex-
pects a different exponent for the flow rate with a different

where Qo = 1mL/min, vo = 1mn?/s and Ag = 1 mn?. surfactant.

Note that as expected, the precision of the exponent is bet-
ter for parameters running on a wider range. Moreover, this 5 5 |4fluence of bubble area
scaling is probably only valid in the studied range of control

parameters. The measurements of dragrsusbubble area and flow
rate, in SectiorB.2, show that both yield drag and viscous
_ ) coefficient are decreasing functions of the bubble area. This
5. Discussion is expected for the yield drag, since the foam shear modu-
lus and yield stress are decreasing functions of the bubble
5.1. Influence of solution viscosity size[31,3,4] However, the yield stress of the foam is not the

only contribution to the yield drag, and preliminary simula-
Our measurements of drag and pressure gradierstis  tions of our experimentf87] show that the resultant of the

viscosityv and flow rateQ yield the following scalings: pressure of bubbles in contact with the obstacle is a second
non-negligible contribution to the yield drag, and that these
two contributions act in the same sense. Since we are not able
to measure the pressure in the bubbles, we cannot quantify
the pressure contribution in our experiments, so the inter-
VP(Q,v) = const x p0-46+002059+0.01 ©) pretation of the evolution of yield dragersusbubble area

(Fig. 7(a) is difficult and requires further numerical simula-
(see Section8.1 and4). To our knowledge, this is the first  tions.
time than such scalings are proposed to quantify the dynam-  Another major difficulty for quantitative interpretation
ical regime of flowing foams in channels. Up to now, the arises from the variation of fluid fraction with bubble area.
dynamic regime of flowing foam has been mainly investi- In our setup, the monolayer of bubbles is in contact with a
gated through the study of pressure drop of foam confined reservoir of water, and the amount of water in the Plateau
in capillaries (see Cantat et §82] and references therein). borders and films between bubbles is freely chosen by the
Since the early work of Brethertof33], who studied the  system. For instance, we have observed that little bubbles
friction between an infinitely long bubble and a solid wall, are more closely packed than big ones. Therefore, the mean
all these studies emphasize the role of the capillary num- fluid fraction should vary with bubble area. Furthermore, lo-
ber Ca= nV/y, wheren is the dynamic viscosity of the cal effects such as dilatand¢®8] could increase the fluid
solution, y is its surface tension and is the velocity of fraction near the obstacle, because of the shear experienced
the flowing foam. In the frame of our study, the capillary by the foam in this zone. This complicates the interpreta-
number is proportional to the produep. It appears from tion of the evolution of yield drag with bubble area, be-
our scalingg?2) and (3)that such a number is not sufficient cause many studies have shown that rheological properties
to describe the dynamic regime of a flowing foam, because of foams and emulsions strongly depend on fluid fraction
the exponents for viscosity and flow rate differ significantly. [3,4,6]
Bretherton’s theory is therefore not sufficient to explain our Despite the complications due to the effect of fluid frac-
measurements: additional physical ingredients are involved,tion, we can propose a qualitative argument to explain why
like detailed bubble shape and interfacial rheology (surface the viscous coefficient decreases with the bubble area, based
elasticity and viscosity). This has not been investigated yet. on the dissipation model of Cantat et §#2]. These au-
However, it is worth noting that from the scalin@ and (3) thors state that dissipation in flowing foam is localised in

F(Q, v) = Fo+ constx 1270050 2)

and:
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the Plateau borders between bubbles and walls. Hence, dist = 7, + uy for |z| > 1, andy = 0 for || < t,, wherer
sipation should increase with the number of bubbles sur- is the shear stress andis the applied strain. To summa-
rounding the obstacle, and therefore the viscous coeffi- rize, Mitsoulis and coworkers show that the drag exerted by
cient should decrease with the bubble area, which is actu-a flowing Bingham plastic around a cylinder strongly de-
ally seen inFig. 7(b) The scaling of the pressure gradi- pends on the Bingham number Bn2Rt,/nV comparing
ent with the bubble areay P o« A~0-3%0.03 (see Section  elastic and viscous contribution: at a given Bingham number
4), is also compatible with this model. However, we should of order unity, there is a crossover between a Newtonian-
expect the pressure gradient to be proportional to the to-like behaviour of the drag (for Br 1) given by formula
tal length of the Plateau borders per unit area of foam. (4), and an elastic-like (for Bny»> 1) where drag does not
Since the foams are monodisperse in our experiments, wesignificantly depend on the velocity and is roughly propor-
should thus expect a scalingP o« 1/+/A, which differs tional to the cylinder diameter. Though modeling foam as a
from ours. Actually, this scaling applies for sharp Plateau Bingham plastic is an open debate, this work provides an in-
borders, matching a flat thin film between a bubble and a teresting comparison to our experimental measurements, for
wall and another one between two bubbles. Such an ideal-which we now evaluate the order of magnitude of the Bing-
isation does not apply to our experiments, since the bubbleham number in our experiments. The yield stress for a foam
shape is essentially curved, hence Plateau borders are mucts of order[29] 0.5y/a, with y = 26.1 mN/m the surface ten-
smoother. Furthermore, the shape of the bubbles strongly de-sion anda ~ +/16/(3%2/2) ~ 2.5 mm the typical length of
pends on their volume, because of the influence of buoy- a bubble edge (we recall that the bubble area is 16.8 imm
ancy. Note also that this model does not capture the in- the considered experiments, and compufigr an hexagonal
crease of viscous coefficient observed for the bubble areabubble), sor, ~ 5 Pa (to be rigorous, this overestimates the
of 39.3mn?. yield stress for awet foam). Furthermore, we can deduce from
As an additional remark, friction in the foam should the value of the viscous coefficient (= 5 x 10~% N min/mL
strongly depend on the boundary conditions at the interfacesafter Fig. 7(b) a rough value of the plastic viscosity of the
between films and bubbles, hence the viscous coefficientfoam: dimensional analysis yielgs~ m S/R wheres is the
probably changes with the surface rheology. It would thus cross-section of the foam, so Bingham number writessBn
be interesting to investigate the influence of the surfactant 2R?z,/m Q. The typical value of flow rate in our experiments

used on the drag measurements. is 10> mL/min, hence the typical Bingham number equals
Bn ~ (2 x 0.01% x 5)/(5 x 1078 x 10%) ~ 5. Though this
5.3. Influence of the obstacle geometry is a very rough evaluation of the Bingham number, this tends

to confirm that in our range of flow rates, this parameter re-

The measurements of drag for different obstacles, pre- mains of order unity, hence both elastic and fluid properties
sented in SectioB.3, show that both the yield drag and the of the foam are involved in the interaction with the obstacle
viscous coefficient increase linearly with the diameter of the to create the drag.
obstacle, and that the effect of the boundary conditions on  We have observed in Secti@3 that the effective diam-
the obstacle is not marked. We now discuss these two obsereter of the cogwheel is different if we consider the yield
vations. drag or the viscous coefficient. For the yield drag, the cog-

Our measurements of drag around circular obstacles arewheel behaves like a large cylinder, thus including the trapped
to compare to the theoretical value of the drag per unit length bubbles. On the other hand, for the viscous coefficient, the

exerted by a Newtonian fluid of dynamic viscosijtyflowing cogwheel behaves like a smaller cylinder. Actually, the cog-

atvelocityV, onacylindrical obstacle of radiusin a channel wheel and the trapped bubbles form a closed system during

of width 2H [39]: the experiment: no rearrangement of the trapped bubbles oc-
4V curs after all the teeth have been filled with bubbles. So this

F~ NH/R — 091" 4) system behaves as an effective obstacle, but with an exter-

' nal boundary constituted of bubble edges, instead of a solid
It is worth noting that this law does not predict proportion- boundary. This explains the difference observed between the
ality between the drag and the obstacle diameter wrydf yield drag and the viscous coefficient: at low velocity, the
ranges from B to 0.5, contrary to our observations. This foam feels the presence of the effective obstacle, but at high
indicates again that the elastic properties of the foam arevelocity, the friction between the effective obstacle and the
significant, even when we consider only the evolution of vis- surrounding flowing bubbles is lower than the friction be-
cous coefficientversusobstacle diameterg. 9(b). This tween a solid obstacle and its neighbouring flowing bubbles.
is to compare to the simulations of Mitsoulis and cowork- To be more quantitative, it would be interesting to study
ers[35,36] who computed the drag exerted by a flowing the influence of interfacial rheology on this friction. Any-
Bingham plastic on a cylinder in the same geometry than way, the measurements show that the influence of bound-
ours, for different values of obstacle diameters. A Bing- ary conditions is not dramatic, probably because it does not
ham plastic is characterised by its yield stregsand its change much the features of the flow beyond the first layer of
plastic viscosityu, and it follows the constitutive equation:  bubbles.
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6. Conclusions

This work provides the first detailed and systematic mea-
surements of the force exerted by a 2D flowing foam on an
obstacle as a function of various control parameters: flow
rate, solution viscosity, bubble volume and obstacle shape
and size. All the data show two contributions to the drag:
a yield drag for flow rate tending to zero, and a flow rate-
dependant contribution. We have shown that the yield drag is
independent of the solution viscosity, decreases with bubble
volume and linearly increases with the obstacle diameter. Fit-
ting the flow rate-dependant contribution by a linear law, we
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