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Summary We study experimentally and theoretically the behaviorusfpgnsions of bubbles dispersed in a yield stress fluid. We
observed that the overall properties of bubble suspensiepend upon the deformability of the bubbles. For deformahbbbles, the
yield stress of the suspension is the same as the yield stfébe suspending fluid and the overall elastic modulus isaedeing
function of the bubble volume fraction. For non-deformatlébles, the yield stress and the elastic modulus of theesisgm increase
with the bubble volume fraction. Comparison of experimedéda with theoretical modeling shows that the capillargnber account-

ing for the deformability of the bubbles is not the same indbkd-elastic regime and in the liquid-plastic regime:atefability of the
suspending fluid must be accounted for by the elastic shedulm®in the elastic regime whereas bubbles deformabhitykl not be
taken into account in the plastic regime.

INTRODUCTION

Air bubbles are incorporated into yield stress fluids in maityations of practical interest (plaster board and catlul
lightweight concrete manufacturing processes, lightiitigermal insulation mortars, food foams and mousseskEvgn

if primary goal for adding air to a material is to modify itsgperties in the hardened state, fluid material workabilgp a
depends upon gaseous phase properties as bubble sizastiisprface tension, bubble volume fraction. Then, onésee
to study the air effects on the fluid overall rheological mujes in order to analyze and to improve handling and ptacin
processes.

MATERIALSAND METHODS

Well controlled suspensions of monodisperse bubbles irel witress fluid are prepared thanks to an original method
that consists in mixing a foam and an oil-in-water emulsidihe overall elastic modulus of the suspension have been
measured through oscillatory shear experiments in thaliregime A wide gap geometry is used to ensure that there are
enough bubbles in between the inner and the outer tools savéhmeasured the properties of a continuum material (the
bubble supension). We measured the yield stresisrough a single measurement at a small constant strainsatg the
same vane in cup geometry. The yield stress is defined asé¢lae istte plateau in a shear stress vs shear rate plot.

Two different results are found depending on the size (thesleformability) of the bubbles. For deformable bubbles (i
large bubbles), the yield stress of the suspension of balbl®und to be the same as the yield stress of the suspending
fluid, while the elastic modulus decreases. For non-defblenlaubbles (ie small bubbles), both the yield stress and the
elastic modulus of the suspension are found to increasetigtbubble volume fraction.

ELASTIC MODULUS

Experimental data for the elastic modulus of a monodispguspension of bubbles with radius 160 are depicted in
the left diagram in Figure 1. We observed that the shear nusdll() is a decreasing function of the bubble volume
fractiony. To account for the relative stiffness of the bubbles coragao that of the ambient fluid, it is convenient to
introduce the capillary number, = (G'(0) x R)/o: with G’(0) the matrix elastic modulus? the bubble radius and

o the surface tension in the air-matrix inferface. Experitaknlastic modulus data depicted in Figure 1 correspond
to a suspension witl, = 3. When the capillary number is naught, the bubbles remaiersgdl while they do not
resist to shear straining when the capillary number tendari infinity. Lower and upper bounds for the overall elastic
modulus of a dilute suspensions of bubbles are plotted itethdiagram in Figure 1. The lower bound (blue straight)ine
corresponds to an infinite capillary number while the uppmrra (red straight line) corresponds to a naught capillary
number. Satisfactorily, our experimental data lie in betwthe two bounds.

Palierne equation allows to connect the overall elastiitglulus of a dilute emulsion with the elastic modulus of thie t
components (the ambient fluid and the droplet fluid), the sfzbe droplets and the air-paste surface tension. When the
elastic modulus of the droplets is naught, the Paliernetemjueeads

, , 1-2C,
6/ ()= 6 0)x (140150 &
The black straight line plotted in the left diagram in Figdris the Palierne estimate withi, = 3. The Palierne estimate
was obtained assuming that the bubble volume fragtimsmall (dilute suspension). Surprisingly equation (Yumately

fits the experimental data for values of the bubble volumetiva much larger than expected. For a given value of the
bubble volume fraction, the Palierne equation (1) predftis the dimensionless elastic modulus is a decreasingi@umc
of the bubbles radius. This theoretical prediction is cstesit with our experimental data.
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Figure 1. The dimensionless shear modulus (left diagram) and therdiioeless yield stress (right diagram) of a suspension of
monodisperse 150m bubbles dispersed in a yield stress fluid. The red straightih the left diagram (respectively in the right
diagram) is the Palierne estimate (1) (respectively theadvgield stress estimates) with, = 0. The black straight lines and the red
straight lines are the same estimates with= 3 andC, — oc.

YIELD STRESS

We now present the results of the yield stress measuremeritsmed on the same suspension. The experimental data
are depicted in the left diagram in Figure 1. For the susjpassivith 150um bubbles, the overall yield stress of the
suspension is found to be the same as the yield stress of thiemtrfluid.

Overvall properties of suspension of bubbles dispersedyiield stress fluid can be estimated in the framework of the
modified secant method proposed by Suquet. The key featihese method is to write in a linear form the behavior
of the suspension constituents by introducing the appatisobsity or secant modulus. Then it is possible to replace
the nonlinear upscaling problem by a linear one. Estimaiethe overall yield stress of a suspension of bubbles can be
computed easily when the air-fluid interfaces do not stoeegn Such a condition is fulfilled when the gaz-fluid inteda
does not deforma = 0) or when the surface tension is naught(— oc). In these situation, the overall yield stress of
a dilute suspension of bubbles read&y) = 7.(0) whenC, = 0 andr.(¢) = 7.(0) x (1 — (4/3)/¢) whenC, — .
These estimates are plotted in the right diagram in Figur€dmparison of the experimental data with the theoretical
estimates shows that the capillary number of the studiguksisson is close to zero in the “plastic” regime.

It remains to explain why the “plastic” capillary number istrequal to the “elastic” capillary number. The classical
capillary number accurately accounts for the relative defhility of the bubble compared to that of the suspendind flu
when both compenents behave elastically. This condidisigatisfied in the “elastic” regime. In the “plastic” regintiee
suspending fluid yields: its secant modulus is no more cahgitas reminded that the secant modulus of a rigid plastic
material read$7,,, = 7./ with 7. the yield stress angl the strain). As the bubble rigidity originates from air-fgas
surface tension, the bubbles still behave elastically é“tastic” regime. In this situation upscaling approacslesw

that the overall yield stress of the suspensions is that éd@edsion of non-deformable void€’{ = 0) with same size
and same distribution as the bubbles dispersed in theplastirix. We would have obtained a completely different itesu
for bubbles deforming in the plastic regime. Note that @ilastimates for the yield stress of a bubble suspension are
decreasing functions of the bubble volume fraction, evesiieall bubbles.

CONCLUSIONS

Provided that the capillary number is properly calculated, overall properties of a a suspension of large bubbles dis
persed in a yield stress fluid can be accurately estimateleifiramework of an upsclaling method. Nevertheless the
“dilute” estimates do not allow to predict the observed di®ifor suspensions of small bubbles. It is believed that the
increase of yield stress with bubble volume fraction obséin this situation originates from hydrodynamics int¢icats
between bubbles. Such interactions can be taken into atusing more sophisticated upscaling schemes.
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