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Boiling of an emulsion in a yield stress fluid

Geoffroy Guéna.”™ Ji Wang, Jean-Baptiste d'Espinose. Frangois Lequeux, and Laurence Talini'

Université Pierre et Marie Curie—Paris 6, UMR CNRS 7615, Laboratoire PPMD, ESPCI, F-7505 Paris, France

We report the boiling behavior of pentane emulsified in a yield stress fluid. a colloidal clay {Lapomnite)
suspension. We have observed that a superheated state is easily reached: the emulsion, heated more than 50 “C
above the alkane boiling point, does not boil. Superheating 15 made possible by the suppression of heteroge-
necus nucleation in pentane, resulting from the emulsification process, a phenomenon evidenced decade: ago
in studies of the superheating of two phase fluids. We have furthermore studied the growth of isolated bubbles
nucleated in the emulzion. The rate of increase of the bubble radivs with time depends on both the temperature
and emulsion volume fraction but, rather unexpectedly, does not depend on the fluid rheology. We show that
the bubbles prow by diffusion of the alkane through the aquecus phase between liguid droplets and bubbles,
mnalogously to an Ostwald ripening process. The peculiarity of the process reported here is that a laver depleted
in il droplets forms around the bubble, layver to which the alkane concentration gradient is confined. We
successfully describe cur experimental results with a simple transfer model.

L INTRODUCTION

Liquids may be heated to temperatures far above their
boiling points: superheats larger than 100 °C have been cur-
rently reported in pure liquids such as water or linear alkanes
[1]. Tt is well known that reaching a superheated metastable
state is made possible by, for instance, dispersing the liguid
in another, less volatile, liquid [1,2] The volatile dispersed
phase is then isolated from the rough solid surfaces contain-
ing gas nuclei; furthermore, the impurities that are poorly
wetted by the volatile phase and may thus act as boiling
centers are rejected in the dispersing phase. As a result, het-
erogeneous nucleation is suppressed, and, for instance, su-
perheating of pentans drops in an immiscible fluid up to
150 °C has been reported, without any special care taken to
clean liquids [1]. When boiling finally occurs, vaporization
can be explosive [3] and is supposedly at the origin of sub-
stantial damages in industrial processes or catastrophic vol-
canic eruptions.

The growth of bubbles in complex fluids is involved in
industrial processes, such as polymer foaming [4] Knowl-
edge of the mechanisms at stake is also needed to understand
phenomena ranging from the decompression sickness to vol-
canic eruptions. It has been shown that if the continuous
phasa surrounding the volatile phase presents a complex rhe-
ology, the growth of bubbles can be hampered or substan-
tially slowed down [5-T]: the rheclogical properties at stake
are, for instance, very high viscosities andfor elasticity. In the
high elasticity case, the bubble growth {or dissolution) pro-
cess can be controlled by the viscoelastic properties of the
surrounding medium, leading to characteristic growth (or
dissolution) times that can be one order of magnitude larger
than in a Newtonian fluid [6,8]. However, quantitative char-
acterization of bubble growth is rendered difficult by its cou-
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pling with bubble rise [7] since bath phenomena potentially
depend on the surrounding fluid’s rheology.

Herein we study bubble growth in a complex fluid in
which the bubbles remain at a fixed position. The system
consists in pentane emulsified in an aqueous colloidal clay
suspension, which is a transparent wield stress fluid. One
specificity of this system is that the alkane droplets remain
well dispersed in the aquecus phase without any added sur-
factant; we have shown in a previous work [9] that the drop-
lets are prevented from coalescing or creaming simply be-
cause they are immobilized in the wvield stress Auid. In
particular, we have demonstrated that the adsorption of clay
particles at o/w interfaces is not at the origin of the droplet
stabilization: alkane emulsions in agueous clay suspensions
are therefore not Pickering emulsions. In the present work,
we show that such emwulsions can be heated far above the
boiling point of pentane without boiling, as a result from a
kinetic stabilization of liquid alkane. In addition, we study
the growth of isolated bubbles, nucleated in those emulsions.
Ohwing to the yield stress of the surrounding phase, the posi-
tion of the bubbles remains fixed in the clay suspension for
time lapses as large as | h. We show that the very slow
growth process is controlled by the diffusion of the solubi-
lized alkane toward the bubble, as in an Ostwald ripening
process, and not by the rheological properties of the aqueous
phase. We model the bubble growth in that frame, and the
predicted variation laws are in excellent agreement with the
experimantal data.

In the following, we first describe the experimental svs-
term. We further report macroscopic observations of the boil-
ing of the emulsions. The growth of bubbles nucleated from
alkane drops is the object of a third part and, in Sec. V, we
present a simple transfer model that successfully accounts for
the experimental data.

IL. EXPERIMENTAL MATERIALS AND METHODS

The wield stress fluid is an aqueous suspension of a syn-
thetic hectorite clay, Laponite (RD, Rockwood). The suspen-
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FIG. 1. Stress as a function of time measured in the Laponite
suspensions of different concentrations during strain rate step ex-
periments. The strain rate is set at 53¢ 1077 57! and the temperature
at 70 "C.

sions are prepared by mixing a given amount of the Laponite
powder with a sodivm hydroxide aqueous solution (concen-
tration of 107*M). Once hydrated, the Laponite platelets have
a radins of 30 nm and a height of 1 nm. Three concentrations
of Laponite have been used: 2.25%, 2.5%, and 3% w/w. The
suspensions are strongly stirred during one week and further
kept at rest for one more wesk to ensure full dispersion of the
Laponite platelets.

Within our experimental conditions, the Laponite suspen-
sions form transparent, viscoelastic, yield stress fluids that
are in a metastable state and thus age. In particular, their
rheological properties evolve over time: both their yield
stress and complex viscosity increase [L0]. We estimate the
yield stress values of the suspensions by performing stress
measurements at a constant strain rate with an ARES rheom-
eter. To minimize wall slip and other flow heterogeneities,
the rheometer was equipped with a six bladed vane rotating
in a cylinder with inner diameter of 34 mm. Since the Lapo-

nite rheological properties depend on its history, special care
was taken to reproduce conditions similar to the one for the
bubble growth experiments: Laponite was strongly sheared
and further poured in the apparatus cylinder. To prevent
evaporation, a silicone oil slick was formed on the upper
surface of Laponite. Rheological measurements were con-
ducted after a 12 h rest: the sample was first heated at 70 =C
and a constant shear rate of 53 107 57! was then applied to
the sample. The recorded stress vs time variations are shown
in Fig. 1. Whatever the Laponite concentration, the rheologi-
cal curves all exhibit a maximum, and the value of that maxi-
murm stress provides an estimate of the yield stress. We mea-
sure yield stresses of 17, 25, and 57 Pa for concentrations of
2.25%, 2.5%, and 3% w/w, respectively. Those values are
similar to the ones measured at room temperature found in
the literature [11,12]. As pointed out in other works [13,14],
the rheological properties strongly vary with the Laponite
concentration in the encompassed range.

The alkane is n-pentane (Chromasolv, Sigma-Aldrich),
whose relevant properties are gathered in Table I, together
with the used notations. Its solubility and coefficient diffu-
sion are the ones measured in water. Our previous study
suggested that the presence of the Laponite platelets does not
significantly modify those values [9]. The values of the dif-
ferent properties at the temperatures of our experiments are
not all available in the literature. In particular, the variations
with temperature of the pentane molecular diffusion coeffi-
cient have been poorly documented. We indicate in Table I
the numerical values we have used in what follows; we dis-
cuss the relevancy of our numerical results in Sec. VI of the
papet.

Emulsions are prepared by mixing the desired amount of
pentane with the Laponite suspension which is emulsified
using an ultrasonic device. The pentane volume fraction has
been varied from 1% to 10%. The Laponite suspension is
degassed using a vacuum pump prior to emulsification; most
of the gas nuclei are therefore suppressed from the aqueous
phase. Owing to the strong shear exerted during the enmlsi-
fication process, the Laponite suspension turns to a low-

TABLE 1. Adopted notations and values of the useful thermodynamical properties of pentane found in the
literature. The values used in the computations of R and £ (see Sec. IV) appear in bold.

T=25"C T=70°C  T=90°C
Dy, " Pentane molecular diffusion coefficient (m?/s) (1.06+0.12) % 107

P Pentanc solobility in water (molimel) 1.1= 1078 1.2x%10°% 151075
T Molar volume of liquid pentane (m? /mol) L16x 1074 126107 1311074
vH0 d Molar volume of water (m® /mol) 1.BOS % 1075 1.84%10°% 18651075
¥* Pentanefwater interfacial tension (mMN/m) 48.18

Te Pentane boiling temperature 36 °C

LY Pentane latent heat of vaporization (Jfmal) 2.57 x10¢

Py Atmospheric pressure 1:10% Pa

"Reference [15]

"Reference [16].

“References [17-20]

References [21,22]

“Reference [23]

Reference [24].



viscosity liquid. After completion of the emulsification, the
viscosity of the Laponite suspension at rest increases; the
viscosity increase is fast encugh to prevent the alkane drop-
lets from creaming. Within a few minutes, one thus obtains
an emulsion consisting of alkane droplets (typical size of
10 gm) well dispersed and immohbilized in a gel-like ague-
ous phase.

Glass vials filled with the emulsions are placed in a sili-
cone oil bath. Experiments have been performed at three
different bath temperatures: the boiling temperature of pen-
tane (36 °C) and two temperatures above the boiling tem-
perature (70 and 90 °C). The former temperatures corre-
spond to superheats above the boiling temperature of pentane
of AT=34 °C and AT=54 °C, respectively. At room tem-
perature, the emulsions are turbid because the alkane drop-
lets, whose average radius is close to 10 gm, diffract light.
Close to T=T70 °C, the emulsions turn transparent because
the refractive index of water and alkane become matched.
The bottled emulsions are in contact with air; therefore, the
emulsions remain at room pressure over the whole duration
of the experiments.

For the study of bubble growth, a graphite rod (a pencil
lead) is placed in the vial before it is filled with the emulsion.
After a 12 h rest at room temperature, the vial is placed in the
heated bath and uncorked to maintain atmospheric pressure
conditions. The volume of the vial being small (6 ml), a
homogeneous temperature is reached in the whole emulsion
within 2 min. Bubbles are observed to nucleate on the rod
typically within 20 min, and their growth is recorded using a
charge-coupled device camera. The resolution is such that
the smallest bubble radius measured is 50 pm. The largest
measured radius is of several millimeters in a 3% Laponite
suspension and can be observed within about | h. Abowve that
size, the bubbles first become anisotropic in shape and start
rising in the fluid, the stress resulting from the buoyancy
forces getting larger than the Laponite yield stress. The data
presented herein thus correspond to bubbles that are spheri-
cal and whose center remains fixed. The threshold value of
the radius over which a bubble changes shape and further
rises is consistent with the estimated value for the yield
stress, o, For that threshold value, the yield stress times the
projected area of the bubble in its equatorial plane is ex-
pected to balance the buovancy forces,

Wﬂﬁ:iﬁmﬁp‘g, ':”

where Ap is the density difference between gas pentans and
Laponite (Ap==10° kgm™) and g is the acceleration of
gravity. A threshold radins of 5 mm corresponds to a yield
stress value cr-‘“:%ﬁ.‘ﬂpgpaﬁﬂ Pa, which is consistent with
the rheological estimations of the yield stress.

In Sec. IIT we will describe the behavior of pentane emul-
sified in the Laponite suspensions when heated above its
boiling temperature.

III. SUPERHEATING AND BOILING OF THE EMULSIONS

The pentane emulsified in a Laponite suspension can be
maintained in its liquid state at temperatures far above its
boiling point. As illustrated in Fig. 2, no bubble appears in an

FIG. 2. (Color online) Qualitative comparison between three
samples heated at different temperatores. (o) The temperature is set
at the boiling temperature of pentane, Tp=36 °C and (b) T
=70 °C. From left to right on each (a) and (b) photograph: the
Laponite suspension without pentane, emulsion of pentane of vol-
ume fraction 5% agitated with a magnetic stirrer, and emulsion of
pentane of volume fraction 5% kept at rest. (c) If the emulsion kept
at rest in (a) and (b) is further stirred. the pentane boils. Note that
the vial caps were not hermetically screwed; the emulsions there-
fore remain at atmospheric pressure.

emulsion at rest, heated more than 30 “C above the pentane
boiling temperature. The emulsion can remain several hours
without boiling. If the suspension is stirred, bubbles eventu-
ally form [Fig. 2ic]].

We attribute the absence of bubbles in the emulsified pen-
tane to a kinetic stabilization, similar to the one reported for
two phase fluids in the literature [1,2] Although no special
care is taken to work with clean liquids and wials, heteroge-
neous nucleation is suppressed as a consequence of the emul-
sification process and as recalled in Sec. L

We have checked that the boiling behavior of the emul-
sions does not result from a shift in the boiling temperature
induced by overpressures in the alkane droplets. Overpres-
sures originate from the capillary pressure and from the in-
ternal stresses in the surrounding elastic fluid, which exist as
long as the yield criterion is not fulfilled. The capillary over-
pressure in a drop of radius R is given by

2
AP = %, (2)

with y being the waterfalkane interfacial tension.

For alkane drops of radius 10 gm, the expected capillary
overpressure is of the order of 10 kPa. Following the calcu-
lation detailed in Appendix A, the overpressure resulting
from the internal stresses in the aqueous phase surrounding
the pentane droplets is

AF

yield stress =

) (3)

where ¥ is the fluid vield stress and # is the depth from the
airfemulsion interface at which the droplet is located.

For a depth of a few centimeters and a yield stress of 100
Pa, the corresponding overpressure is smaller than 2 kPa.
The increase in the boiling temperature of the alkane, AT,
can be related to the overpressures using the linearized form
of the Clausius-Clapeyron equation,

(vg—vdTy
== TMJ. (4

where L is the latent heat of the vaporization, Ty, is the boil-
ing temperature at atmospheric pressure, and vg and vy are

==
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AT



FIG. 3. (Color online) Photograph of bubbles nucleated on a
graphite rod, which is immersed in an emulsion of pentane in a
Laponite suspension. The vial containing the emulsion is placed in
a silicone oil bath. The vial diameter is 15 mm.

the molar volumes of gas and liquid pentane, respectively.
Using the numerical values given in Table I and the ideal-gas
law for molar volume vg, Eq. (4) vields temperature in-
creases smaller than | °C for the computed overpressures.

In conclusion, the observed superheating of the alkane
emulsified in the Laponite suspensions cannot be explained
by the overpressures, originating from either capillary or
yield stress effects. It must result from the suppression of
heterogeneous nucleation, as previously observed in two
fluid mixtures.

In Sec. IV we focus on the growth of bubbles whose
nucleation has been induced in the emulsion.

IV. BUBBLE GROWTH

As described in Sec. I, we have measured the radius as a
function of time of bubbles, nucleated on a graphite rod im-
mersed in the emulsion (see Fig. 3). The vial is heated above
the boiling point of pentane, and we denote as AT the super-
heat (AT=T-T,).

Figure 4 shows the radius of bubbles as a function of time
at given temperature and pentane volume fraction in three
Laponite suspensions of different concentrations.

The raw data all follow a single curve, which is well
described by an increase of the radius with the square root of

Lapomite
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FIG. 4. Radius of isolated bubbles as a function of time and for
emulsions prepared from the Laponite suspensions at three different
concentrations. The alkane volume fraction ¢b is the same in all the
emulsions, within the experimental uncertainty ¢=2.7% * 0.2%.
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FIG. 5. Bubble radius as a fonction of time for different pentane
volume fractions.

time, irrespective of the Laponite concentration,
R{I} = ﬂwl;. {5}

The growth therefore proceeds regardless of the fluid yield
stress or of any of the fluid rheological properties since those
properties are known to strongly vary with the Laponite con-
centration within the range encompassed herein [11-14]. In
the tested Laponite suspensions, we have indeed estimated
the yield stress to vary from 17 to 57 Pa when the Laponite
concentration varies from 2.25% to 3%.

The bubble growth however does depend on the pentane
volome fraction of the emulsion, ¢, as demonstrated in Fig.
5, in which we report the bubble radius variations with time
for three differemt values of ¢. In all cases, the increase of
the radius following Eq. (5) is reached after an initial growth
regime lasting ~10 s

The same power-law growth of R(¢) is obtained at a dif-
ferent temperature. Figure 6 gathers the obtained values of
the coefficient @ defined in Eq. (5) as a function of ¢ and for
two different temperatures. Although the data are somewhat
dispersed, at a given temperature, a square-root variation of a
with ¢ correctly describes the data. Furthermaore, as the tem-
perature increases, the bubble growth process indeed fastens
and the coefficient g increases. The dependency of the
growth process on volume fraction and temperature will be
further discussed in Sec. V.

In summary, we have found that, after an initial transient
regime, the bubble radius varies proportionally with the
square root of time, with a coefficient that depends on alkane
volome fraction and temperature but is independent of the
surrounding fluid rheology. The bubble growth is therefore
solely controlled by the transfer of alkane from the emulsion
to the bubble. In Sec. ¥, we discuss those results in the light
of a simple transfer model.

¥. MODEL FOR THE BUBBLE GROWTH PROCESS

The transfer of alkane from the droplets to the bubble
proceeds by diffusion through the aqueous phase. The alkane
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FIG. 6. Bubble growth coefficient o [defined in Eq. (5] as a
function of the pentane volume fraction in the emulsion and for two
different temperatures. The dotted lines are best square root fits to
the expenimental data.

droplets in the vicinity of the bubble empty out first to feed
the bubble and a droplet-free zone consequently forms in the
agqueous phase around the bubble. The presence of that zone
is evidenced in Fig. 7 that shows a close view of a bubble in
the emulsion. The droplet-free zone is analogous to the one
formed during the evaporation of the same emulsion in con-
tact with air which has been the object of a previous work
[9]. The evaporation is then controlled by the diffusion of the
alkane through the droplet-free zone from the emulsion drop-
lets to the atmosphere. In the present work, the bubble re-
places the atmosphere.

The process of bubble growth we observe is reminiscent
of the Ostwald ripening in emulsions, for which mass trans-
fer between droplets occurs through molecular diffusion in
the continuous phase [25]. In the case of the Ostwald ripen-
ing, indeed some droplets dissolve whereas others grow, and
it has been shown to result in an increase with time of the
droplet mean radius scaling as 17, associated with a widen-
ing of the drop size distribution [25,26]. Mevertheless, the
nature of the process reported herein is closer (although in-
verse) to the dissolution of gas bubbles in an unsaturated
liquid. In the latter phenomenon, provided that surface-
tension effects are negligible, a linear increase of the bubble
radius with the square root of time is found in line with our
experimental data. The dissolution process is classically de-
scribed in the frame of the Epstein-Plesset model [27], which
well captures the experimental results on dissolving gas
bubbles [28]. The Epstein-Plesset mode] considers the diffu-
sion of the gas in the surrounding liquid and neglects the
convection term in the diffusion equation. The case of the
emulsions we consider here however presents one difference:
the presence of alkane droplets surrounding the bubble and
constituting reservoirs of alkane. Whereas in the problem of
gas dissolution, described with the Epstein-Plesset model,
the concentration gradient extends in a zone of size R, it is
confined within the droplet-free zone in the emulsions we
deal with. As shown in the following, the size of that zone
remains smaller by one order of magnitude than the bubble
radius.

A bubbl

FIG. 7. (Color online) {a) Photograph of a bubble {diameter of
150 pm) guenched between two microscope slabs. The two-
dimensional geometry allows us to evidence a droplet-free zone
formed around the bubble. (b) Schematic representation of the
bubble and its droplet-free zone of thickness £ over which the al-
kane concentration gradient is confined.

Finally, let us note that bubble formation has been studied
in systems similar to ours, the so-called phase-change emul-
sions [29]. In those systems, a volatile emulsified material
changes from a liquid to a gas upon heating, which, e.g.,
favors the propagation of sound waves through the emulsion
and has numerous applications. Howewver, the existing works
on those systems have focused on the volume change of the
volatile phase without considering diffusion from the mate-
rial dissolved in the continuous phase.

Consequently, we describe the problem as follows: the
spherical bubble of radius R is surrounded by a droplet-free
shell of thickness £, over which the solubilized alkane dif-
fuse [see Fig. T(b)]. We denote as x, the alkane concentration
at the shellbubble interface and x* the alkane solubility in
the aqueous phase. In the distance between bubbles being
large, we assume that the concentration of the solubilized
alkane is x* outside the shell.

The time derivative of thickness £ writes

% _D_ 2R -
at £ R

The first term of the right side of Eq. (6} corresponds to the
increase of £ by transfer of the alkane from the droplets to



the aqueous phase. It is written by analogy with the results
obtained for the evaporation of emmlsions [9]. We have
shown that, in the latter case, the growth of the droplet-fres
zone that develops is diffusive and can be written as \2Dr.
Coefficient [} is an effective diffusion coefficient that, in
particular, depends on the emulsion volume fraction and on
the alkane concentration difference at the bubblefshell and
emulsion/shell interfaces,

UL Dm

= r-x 7
AR ™
where py and py o are the molar volumes of liguid pentane
and water, respectively, [ is the pentane diffusion coeffi-
cient in the aquecus phase, and ¢ is the pentans volume
fraction in the emulsion.

The decrease of the effective diffusion coefficient with an
increase of the emulsion volume fraction reflects the fact that
the alkane droplets behave like reservoirs: the more droplets
are concentrated in the emulsion, the slower is the growth of
the droplet-free zone. Furthermore, the decrease of I} with
increasing pentane volume fraction results in the formation
of a self-sharpening interface between the emulsion and the
droplet-free zone, as discussed in our previous work [9].

The diffusive growth of thickness £ is in competition with
the decrease of £ accounted for by the second term of the
right part of Eq. (6). That decrease is induced by the bubble
growth and is therefore of convective nature; the resulting
wvariation of £ is obtained by writing the volume conservation
of the layer of thickness £ as radius B increases. The convec-
tive term as it is written in Eq. (6) is a result of an approxi-
mation considering R # £ This approximation is justified a
posteriori (see below the discussion of Fig. 8) and results in
underestimating coefficient a [characterizing the growth of R
with time, as defined in Eq. (5)] by less than 1%.

Ag £ varies, the bubble is fed by the alkane diffusing from
the droplets and through the droplet-free zone surrounding
the bubble. The resulting growth of the bubble radius R is
simply described by relating the increase in the number of
pentane moles in the bubble [at a rate dn/dr=47R2D, (x"
—xp)! (Evy.o)] to the bubble volume increase with respect to
the molar volume of pentane v, One finally obtains

dR C
—_= 8
77T (8)
where C is given by
. Ug
C= Dml:_l' - .1';,)_ |:g:|
Um0

and R and £ are, therefore, given by the two coupled differ-
ential equations [Egs. (6) and (8)], and their variations with
time depend on the coefficients C and D given by Egs. (7)
and (9). Both coefficients are functions of the alkane concen-
tration at the bubblefshell interface, x,. which itself depends,
among other parameters, on the temperature of the emulsion.
We show in Appendix B that, using the Clausius-Clapeyron
equation, x, can be simply expressed as a function of known
quantities, among which the superheat AT. In the frame of
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FIG. 8. Numerical resolution of the coupled differential equa-
tions [Eqgs. (6) and (8)]. which yields the time variations of (a)
bubble radius R and (b) droplet-free zone thickness £ for g¢h=3%
and different initial bubble radii: 10 gwm (black), 50 um (dark
gray), and 100 gem (light gray). The initial valoe of £ is set at 0.1
.

the approximations made in Appendix B and further dis-
cussed in the following, coefficients C and I both linearly
vary with the superheat AT.

We have numerically solved the differential equations
[Egs. (6) and (8)] to obtain the time variation of bubble ra-
dius B and droplet-free layer thickness £. Figure 8 shows
those two quantities as a function of time for a set of param-
eters corresponding to the experiment and for different initial
bubble radii. Thickness £ {which has not been measured in
three-dimensional experiments) remains smaller than the
bubble radius by about one order of magnitude. It exhibits
similar variations as R except for bubbles that are initially
very small and for which nonmonotonic behavior of £(r) is
observed. In that case, the initial decrease of £ results from
dominating convection effects for small bubbles. After that
first phase, which depends on the initial conditions, the
curves merge into a single one, and the same increase with
square root of time is found for both radius R and thickness
£, whatever the initial bubble size. The duration of the first
phase is on the order of 10 s, in good agreement with the
experiments.
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FIG. 9. Same data as Fig. 7 but shown as a plot ocfaf\lﬁasa
function of the cmulsion volume fraction. The experimental data
[squares and circles) follow a single carve corresponding to a varia-
tion with square root of pentane volume fraction (dotted line),
showing that, as expected, aﬂcw,lm The values of aﬂ'\lﬁ com-
puted by numerically solving Eqgs. (6) and (8) are represented by the
full line curve.

The long-time solution R(f)=a\} injected into Egs. (6)
and (8) yields for coefficient a,

a:C\/g, (10)

where C and I are given by Eqgs. (7) and (9), respectively.

As shown in Appendix B, € and D can also be expressed
by Egs. (BS) and (B6); the expected variations of a with the
emulsion volume fraction and the superheat are, therefore,
a=ydAT in the frame of the approximations made. The first
approximation consists in considering that the bubble mainly
contains gas pentane, and no other gases, i.e., that the total
pressure in the drop equals the pentane gas pressure. Since
we carefully degas the Laponite suspensions, the quantity of
dissolved gas in the agqueous phase is likely to be small.
Indeed, we have observed that in nondegassed Laponite the
bubbles grow faster than in degassed Laponite. The second
approximation made is that the pentane saturating pressure is
given by a linearized Clausius-Clapeyron equation, which is
valid for small superheats: AT/T,<£1. Although relative
temperature variations from the boiling temperature reach
~15%, the prediction ancu'ﬁ'resnlting from these assump-
tions is in rather good agreement with the experimental data,
as shown in Fig. 9. The experimental data of Fig. 9 are the
same as in Fig. 7, but it is the quantity a/ AT that is dis-
played as a function of the emulsion volome fraction for two
different AT. Considering the data dispersion, the expected
collapse of the data onto a single curve is found. Therefore,
a=yAT¢ and the approximations made are justified. In sum-
mary, the simple transfer model, together with the proposed
approximations, captures well the experimental trends.

In Fig. 9, we also compare the experimental values of
a/AT to the mumerical solutions of Eqs. (6) and (8). The
numerical values for the properties of pentane given in Table
I have been used. The agreement between numerical and

experimental data is not completely satisfactory since the
computed values of a/ VAT are smaller than the experimental
ones by about 10%. This discrepancy probably results from
the value used for the pentane molecular diffusion coeffi-
cient, which has been taken at 25 °C, the data at the tem-
peratures of the experiments missing in the literature. It re-
mains that the trends predicted by the model are in fairly
good agreement with the experiments.

V1L CONCLUSION

In conclusion, we report the boiling behavior of emul-
sions of pentane in aqueous yield stress fluids. First, as ob-
served decades ago in two phase fluids, a superheated meta-
stable state is reached when heating the emulsions at
temperatures more than 50 ©C above the boiling temperature
of pentane. Second, we have, in addition, studied the growth
of bubbles nucleated in the emulsion. Owing to the yield
stress of the Laponite suspension, the bubbles are immobi-
lized and their growth can be easily characterized. We show
that it is the diffuosion of alkane from droplets to bubbles
through the agueous phase that controls the growth process
and not the rheological properties of the surrounding fluid.
We describe the experimental data using a simple transfer
model that takes into account the creation of a droplet-free
zone in the aqueous phase around the bubble. The model
captures well the features of the experimental results. In par-
ticular, the predicted dependency on the emulsion volume
fraction and the temperature are in good agreement with the
ones found experimentally.
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APPENDIX A: OVERPRESSURE IN AN ALKANE
DROPLET RESULTING FROM THE SURROUNDING
FLUID YIELD STRESS, DERIVATION OF E(). (3}

We consider a cavity of radius R in a fluid with yield
stress o, For the sake of simplicity, the bubble is considered
to lie at the center of a sphere of the yield stress fluid, with
the pressure equal to the atmospheric pressure on the surface
of the sphere. Using spherical coordinates, we denote as o,
F4g and ogq the nonzero components of the stress tensor.
For symmetry reasons, ogs=0p. We consider the mechani-
cal equilibrium of a spherical cap of apex angle 2ev, as sche-
matized in Fig. 10.

The normal stress balance writes

wa(r +dr)ie, (r+dr) - P, (r)]= Z'H‘Fﬂidmw,
(Al)
which yields

d

E{rﬂ'ﬂr"} =2rog. (A2)
In the fluid at rest, according to the von Mises criterion, the
difference between o, and ogg is at most the yield stress
|er.. —fJH| =g'. We, therefore, write



o5, F+dr
e

T -——--

FIG. 10. {Color online) Schematic representation of the stresses
on a spherical cap of apex angle 2o,

Tgg= Ot (A3)

Combining Eqs. (A2) and {A3) and integrating the resulting
equation vield

i r '-I

@rr=P(r)+ 20" In| = . (A4)

where P{r) is the pressure in the surrounding medium at

distance r of the distance of the cavity. A rough evaluation of

the overpressure in a pentane droplet located at a vertical

distance i from the airfenulsion interface is, therefore, given
by

AP =207 1nf|%l]. (AS)

APPENDIX B: CONCENTRATION OF PENTANE AT
LAPONITE/BUBBLE INTERFACE, ESTIMATE USING THE
CLAUSIUS-CLAPEYRON EQUATION

The alkane concentration at the Laponite/bubble interface
xp is related to the vapor pressure P of the alkane in the
bubble using Henry's law,

n_ P
© P

Ear

(B1)

where P is the vapor pressure of pentane in the bubble, P,
its saturation pressure, and x” its solubility in water.

We assume that the bubble mainly contains gas alkane:
the alkane pressure P is therefore close to the bubble pres-
sure, which is itself given by the pressure in the surrounding
fluid, taken equal to the atmospheric pressure, Py, The satu-
ration pressure depends on the temperature and can be re-
lated to the superheat AT using the Clausius-Clapeyron equa-
tion developed at the first order for small superheats, ie.,
ATIT, <1,

LAT
[
Tplvg—vy)

Equation (B2) combined with the ideal-gas law wvg
=R;T,/ P, and the approximation (v;—v;)=v; vields

LAT
ReTy
The expression for the concentration difference x"—x, is in-

ferred from Eqgs. (B1) and (B3) and writes at the first order in
ATIT,

P

N o (B2)

P —Py=—=P, (B3)

AT. (B4)

. . L
" —x,=x RT
Reporting Eg. (B4) in Eq. (7) vields for the effective diffu-
sion coefficient I¥ of the droplet-free laver,

vy xD, L
o ¢ R,

D= AT. (BS)

Using Eq. (B4) and v == RsTy/ Py, the coefficient C given by
Eq. (9) writes

(B6)
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