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Thermally driven emulsions arise in a broad range of natural and industrial contexts, yet their fun-
damental physical understanding remains only partially established. Emulsions exhibit a complex,
concentration-dependent rheology, ranging from Newtonian (dilute emulsions) to yield-stress (con-
centrated emulsions). In buoyancy-driven flows, the complex structure and rheology of the emulsion
are strongly coupled to convective flows, giving rise to fascinating and non-trivial phenomena in-
volving stability, transient dynamics, and morphological evolution of the system. We review recent
progress on thermally driven emulsions in the celebrated Rayleigh–Bénard configuration, offering
new perspectives on the behaviour of soft materials in thermal convection.
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I. INTRODUCTION

Emulsions are mixtures of two immiscible liquids that
are encountered in a variety of contexts, ranging from
industry [1, 2] and technology [3, 4] to fundamental re-
search [5, 6]. At mesoscale, emulsions appear as a collec-
tion of microscopic droplets of a dispersed phase (say oil)
in another continuous phase (say water); the presence
of surfactants at the droplets interfaces is responsible
for the emergence of a positive disjoining pressure [7, 8]
that inhibits droplets coalescence and, in turn, results in
non trivial collective behaviours with a complex rheol-
ogy depending on the volume fraction of the dispersed
phase: dilute emulsions behave as Newtonian fluids with
augmented viscosity [9, 10], whereas, as droplet con-
centration increases, non-Newtonian behaviours emerge,
ranging from shear thinning [11], to yield-stress rheol-
ogy [5, 6], in jammed emulsions [see Fig. 1(a)-(c)].
Studies of emulsions fluid dynamics are typically per-
formed under isothermal conditions and restricted to
their characterization under rheometric [5, 6, 12, 13],
homogeneous shear-driven [14–17], or pressure-driven
flows [18, 19], also in turbulent conditions [20–22]. Nev-
ertheless, thermal flows of emulsions are relevant in geo-
physical contexts, where they are employed as analogue
systems to model buoyancy-driven processes such as lava
flows [23, 24] and Earth’s mantle convection [25–27]. In
these settings, the interplay between temperature gra-
dients, complex rheology and morphology evolution cru-
cially affects the resulting heat transport and flow organi-
sation. Despite this relevance, the behaviour of emulsions
under thermal forcing remains only partially explored.
This gap is mainly due to the intrinsic multiscale na-
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ture of the problem, which involves the coupling between
interfacial dynamics and large-scale buoyancy-driven mo-
tions [28, 29].
When buoyancy forcing exceeds a critical threshold, a

fluid layer confined between a bottom hot plate and a
top cold plate [see Fig. 1(d)] is prone to the well-known
Rayleigh-Bénard (RB) instability and transition to con-
vection [30, 31]. For larger forcing, the system becomes
turbulent, displaying multiscale dynamics and a com-
plex interplay between mean wind and boundary layer
physics (including fluid-wall interactions) [32–36]. This
phenomenology is further enriched by the presence of an-
other dispersed phase that couples and interacts with the
thermal flow, as witnessed by many studies in the litera-
ture [37–45], which, however, considered only dilute sit-
uations that display a Newtonian rheology. At high vol-
ume fractions, emulsions indeed exhibit non-Newtonian
rheology, further complicating the problem. Some theo-
retical and numerical works approach the problem at the
level of hydrodynamic equations with prescribed consti-
tutive laws for the stress tensor [28, 46–53]. However,
especially at higher Reynolds numbers and moderate-
to-large volume fractions, the dynamics is strongly af-
fected by the balance of flow-induced breakup and co-
alescence of droplets, which, in turn, dictates the local
and global rheological properties of the material [54].
Moreover, neglecting the finite size of the droplets has a
non-trivial impact on the cooperativity mechanisms gen-
erated when configurations of microscopic constituents
rearrange [55, 56], influencing the dynamics of the ther-
mal flow [57]. In summary, a theoretical and computa-
tional framework able to cope with resolved finite-sized
droplets and interface dynamics, featuring complex rhe-
ology and break-up/coalescence dynamics, is, therefore,
in order. With this aim, novel mesoscale methods have
recently been developed [17, 18, 58] through which recent
works [54, 59–62] provided a detailed characterization of
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FIG. 1. Panel (a): Snapshots of oil-in-water emulsions with different values of the volume fraction of the initially dispersed
phase, ϕ. Panel (b): Rheological flow-curve relating the shear stress Σ (in units of ΣY , the yield stress at ϕ = 0.79) to the shear
rate γ̇ [in units of t−1

c = Γ/(ηR), where Γ is the surface tension, η the dynamic viscosity and R the mean droplet radius], for
the emulsions shown in panel (a); the dashed red line represents the Newtonian relation Σ = ηeff(ϕ)γ̇, with ηeff(ϕ) = η

(
1 + 7

4
ϕ
)

(with ϕ = 0.16), whereas the solid red line refers to the Herschel-Bulkley fit (see text). Panel (c): Snapshots of stabilised (i.e.,
proper emulsions, left column) and non-stabilised (right column) liquid-liquid dispersions at ϕ < 0.5 (top row) and ϕ > 0.5
(bottom row). Panel (d): oil-in-water emulsion in a 2D RB cell, confined between a lower hot and an upper cold wall and under
the effect of buoyancy forces. Light blue arrows highlight droplet displacements, d(x, z, t), at a given time during convective
dynamics, marking the convective rolls. The corresponding thermal plume is also shown.

the dynamics of emulsions with finite-sized droplets, dis-
cussing how the non-trivial interplay between the emul-
sion rheology and the buoyancy forces gives rise to an un-
precedented richness of dynamical regimes. The present
contribution critically summarises these findings.

II. METHODS

All numerical studies [54, 59–62] on thermally driven
emulsions discussed in this review are based on
TLBfind [63], an open-source code which implements
state-of-the-art 2D multicomponent lattice Boltzmann
methods [64, 65]. Within this framework, each of the
two fluid components (“oil” and “water”) is represented
by its own kinetic distribution function, whose evolution
gives rise to phase-separating diffuse interfaces via intra-
component interactions [66, 67]. Additional interactions
can be incorporated to generate a positive disjoining pres-
sure [58], thereby mimicking the action of surfactants
and enabling the stabilisation of emulsions against full
phase separation. The reader is referred to dedicated
works [18, 58, 63] for detailed technical characterization
of the models. The employed methodology is particu-
larly well suited for simulating 2D emulsions under RB
thermal convection, i.e., when the system is subjected

to a fixed temperature difference ∆T between horizontal
plates, of length L, at a distance H [heated from be-
low and cooled from above, see Fig. 1(d)], under gravity,
g. The system is initialised with a given number of oil
droplets, of total area Aoil, such that the volume fraction
of the initially dispersed phase is ϕ = Aoil/(LH). The
intensity of buoyancy forces is encoded in the Rayleigh
number

Ra =
α g∆T H3

ν κ
, (1)

where ν, κ and α are, respectively, the kinematic vis-
cosity, the thermal diffusivity and the thermal expansion
coefficient of the continuous phase. Hereafter, the two
fluids are assumed to have identical physical properties
(densities, viscosities, thermal diffusivities, and thermal
expansion coefficients). Otherwise, the definition of Ra
should incorporate weighted averages based on the mass
fractions of the two components. Although emulsions can
in principle be formulated with nearly matched thermal
expansion coefficients (e.g., paraffin oil in water–ethanol
mixtures), the two phases generally exhibit significant
differences in α. This mismatch affects convective dy-
namics, as dispersed and continuous phases experience
buoyancy forces of different magnitudes, effectively im-
parting a form of dynamical inertia to the droplets. Ow-
ing to its practical relevance, this aspect deserves further
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dedicated investigation. As remarked earlier, emulsions
display, in general, an effective viscosity that depends
on ϕ and, for large values of ϕ, on the shear-rate [see
Fig. 1(b)]. Hence, Ra cannot be uniquely defined. It
is therefore taken the kinematic viscosity ν of the con-
tinuous phase, and we use Ra, given in Eq. (1), as a
dimensionless measure of the imposed forcing. Despite
the increased complexity of the global energy balance in
emulsions, where viscous dissipation is supplemented by
interfacial contributions, we characterise heat transport
through the dimensionless time-averaged Nusselt num-
ber [33]

Nu = ⟨Nu(t)⟩t =
〈
1 +

⟨uz(x, t)T (x, t)⟩x,z
κ (∆T/H)

〉
t
, (2)

which depends on the hydrodynamical [u(x, z, t)] and
temperature [T (x, z, t)] fields. The symbol ⟨. . . ⟩x,z de-
notes the spatial average over the whole RB cell and
⟨. . . ⟩t the average over the statistically steady state. In-
deed, after a transient state, emulsions reach a statisti-
cally steady state where the Nusselt number Nu(t) ex-
hibits fluctuations in time around the mean value Nu
[see Fig. 2(a)]. To analyse the non-trivial phenomenol-
ogy emerging at smaller scales, the Nusselt number at
the droplet scale is introduced [59–62]

Nudrop(t) = 1 +
udrop,z(t)Tdrop(t)

κ∆T
H

, (3)

where udrop,z and Tdrop refer to the vertical velocity and
temperature of a given droplet, respectively. Further-
more, we analyse the droplet displacement, d(x, z, t) [see
Fig. 1(d)]. In particular, the x–averaged fluctuations of
the displacement with respect to its time-average [59]

δ̃d(z, t) = ⟨δd(x, z, t)⟩x =
〈
d(x, z, t)− ⟨d(x, z, t)⟩t

〉
x
,

(4)
is used to highlight spatio-temporal correlations.

III. IMPACT OF INTERFACIAL
STABILISATION

A fundamental aspect in the study of thermal convection
is the characterisation of the heat transferred through
the system, quantified by means of the Nusselt number
[see Eq. (2)], in response to an applied buoyancy forcing,
namely Ra [see Eq. (1)] [33, 35]. In the case of emulsions,
the dynamical response also depends crucially on the vol-
ume fraction of the initially dispersed phase, ϕ, which
determines how much interface is present and, therefore,
affects the energetic balances and the rheology of the ma-
terial [54].
In Fig. 1(a)-(b), a set of typical oil-in-water emulsion
morphologies obtained from numerical simulations for
different values of ϕ is reported with the associated rhe-
ological flow-curves. Under dilute to semi-dilute condi-
tions (ϕ ≲ 0.5), the emulsion behaves as a Newtonian
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FIG. 2. Analysis of heat transfer at macroscopic scales. Panel
(a): time evolution of the Nusselt number Nu(t), highlighting
the time average of the Nusselt number Nu over the statisti-
cally steady state [see Eq. (2)]. Data refer to an emulsion with
ϕ = 0.16 for a value of the Rayleigh number Ra ≈ 4 × 106.
Time is reported in simulation units. Panel (b): Nu, as a func-
tion of Ra [see Eq. (1)] for ϕ = 0.16 and ϕ = 0.84. We report
cases of stabilised (i.e., proper emulsions) and non-stabilised
liquid-liquid dispersions.

fluid with a ϕ-dependent effective viscosity [10, 11, 59].
For 0.5 ≲ ϕ ≲ 0.7, non-Newtonian effects progressively
emerge, culminating at high concentrations (ϕ ≳ 0.7)
in the appearance of a finite yield stress ΣY . In this
regime, the flow curves are well described by the Her-
schel–Bulkley law, Σ = ΣY + Aγ̇n with fit parame-
ters ΣY , consistency index, A, and flow index, n, that,
upon proper normalization, agree with experimental val-
ues [54, 55, 59, 68]. It is important to remark that this
complex rheological scenario emerges only if droplets are
stabilised against coalescence [8]. In the absence of sta-
bilisation mechanism, a liquid-liquid dispersion with a
volume fraction ϕ > 0.5 (i.e., where the majority phase is
oil) cannot be supported: the system would always (irre-
spective of the forcing) undergo an inversion, whereby the
initially continuous minority phase (water) becomes the
dispersed phase, at a volume fraction 1−ϕ [see Fig. 1(c),
right panels]. Even for ϕ < 0.5, though, the absence of
the stabilisation mechanism has a great impact on the
emulsion morphology: in this case, in fact, coalescence
events become statistically relevant, and the resulting
dynamical equilibrium between breakup and coalescence
events gives rise to domains of sizes spanning a broad
range of scales. In contrast, in stabilised liquid-liquid
dispersions, i.e., in proper emulsions, the droplet size
distribution remains slightly polydisperse but peaked at
relatively small sizes [see Fig. 1(c), left panels]. Despite
these structural differences, which are markedly evident
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in Fig. 1(c), the global heat-transfer response remains
similar regardless of the nature of the system (i.e., sta-
bilised vs. non-stabilised liquid-liquid dispersion) in di-
lute conditions [62]. As highlighted in Fig. 2(b), for small
values of ϕ (i.e., ϕ = 0.16), the time-averaged Nusselt
number Nu (see Eq. (2)) shows a similar behaviour as a
function of Ra, for both stabilised (blue circles, top panel)
and non-stabilised (yellow circles, bottom panel) systems.
At volume fractions ϕ > 0.5 (i.e., ϕ = 0.84) the picture
changes dramatically. Non-stabilised liquid-liquid disper-
sions always run into the phase-inverted water-in-oil con-
figuration, and therefore behave as the “complementary”
oil-in-water emulsion with a volume fraction 1−ϕ at any
Ra. Conversely, stabilised liquid–liquid dispersions un-
dergo a sharp transition from a conductive (Nu = 1) to
a convective (Nu > 1) state as Ra increases, marking
the onset of phase inversion at sufficiently strong forc-
ing. This mechanism is further discussed in the section
on intermittency and illustrated in Fig. 4.

IV. ROLE OF FINITE-SIZED DROPLETS

So far, we have highlighted that, for large values of ϕ, the
suppression of droplet coalescence in emulsions markedly
changes the system’s heat transfer response compared to
non-stabilised liquid-liquid dispersions. In fact, an in-
crease in the number of droplets leads to more frequent
collisions, so droplets repeatedly interact without merg-
ing, giving rise to localized, small-scale fluctuations in
the heat flux. These fluctuations have been observed to
be more pronounced as ϕ increases and when approach-
ing the transition from conduction to convection from
above [59]. This evidence opened some questions con-
cerning the role played by the presence of finite-sized
droplets on the heat transfer properties of emulsions,
since heat-flux fluctuations at the droplet scale respond
strongly to the stabilisation mechanism: they are am-
plified due to sustained droplet interactions, while co-
alescence suppresses them in non-stabilised systems for
ϕ ≥ 0.2 [62]. To investigate this aspect, it is necessary
to scale down the analysis to the droplet level. For this
analysis, the TLBfind code [63] proved to be an opti-
mal tool of investigation, since it is equipped with a La-
grangian analysis tool that allows identifying droplets,
their centres of mass, and following their trajectories over
time. We collected the values of the droplet-scale Nus-
selt number Nudrop [see Eq. (3)] for all droplets at all
times during the statistically steady regime, and we es-
timated the probability density functions (PDF) of the
fluctuations of Nudrop around the mean value, for two
volume fractions (ϕ = 0.27 and ϕ = 0.64) at fixed in-
tensity of the global heat transfer [i.e., fixed Nu, see
Fig. 3(a)]. PDFs exhibit markedly broader non-Gaussian
tails, which become more pronounced as ϕ increases.
These tails indicate bursts of heat transport, associated
to local fluidisation of the material, which arises from the
coupling between small-scale velocity fluctuations and
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FIG. 3. Analysis of heat transfer at the droplet scale. Panel
(a): Log-lin plot of the PDF of the droplet Nusselt num-
ber Nudrop [see Eq. (3)], computed over all droplets and time
frames. Values are expressed in units of the standard de-
viation, σNu, relatively to the mean Nudrop. Different sym-
bols (colors) refer to different values of ϕ (Nu). We also re-
port zoomed snapshots of displacement fluctuations δd(x, z, t)
[see Eq. (4)] of droplets contributing to positive and negative
PDF tails. Panel (b): Spatio–temporal map of the absolute

value of the x–averaged displacement fluctuations, δ̃d(z, t)
[see Eq. (4)].

droplet–droplet collision dynamics, enabled by the sup-
pression of coalescence. Notice that pronounced droplet-
scale heat-flux fluctuations appear only in the presence
of finite-size droplets and are caused by droplets mov-
ing toward or away from the walls [see snapshots in
Fig. 3(a)] [59, 60]. In fact, as ϕ increases, spatial cor-
relations among droplets become stronger; in contrast,
in dilute emulsions, droplets’ correlations weaken since
perturbations generated by droplets’ displacement can-
not propagate throughout the system. This aspect is
confirmed by Fig. 3(b), reporting the spatio-temporal
dynamics of the x-averaged droplet displacement fluc-
tuations δ̃d(z, t) [see Eq. (4)]: only if the system is suf-
ficiently packed, then displacement fluctuations depart
from zero coherently in extended space regions located
close to the boundaries. On the contrary, space-time co-
herence is visibly lost when ϕ lays in the dilute regime.
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V. INTERMITTENCY AND PHASE
INVERSION IN JAMMED EMULSIONS

As mentioned earlier, if ϕ is increased, the emulsion rheol-
ogy develops a yield-stress [see Fig. 1(b)], which strongly
hinders convection [51, 69]. At sufficiently large values
of Ra, the system turns into a convection regime, but
with distinctively peculiar phenomenology, in compari-
son to what is observed in the absence of yield stress.
In Fig. 4, we report the Nusselt number Nu(t) for an
emulsion with ϕ = 0.79: the transient dynamics of the
heat transfer strongly differs from that of dilute cases [see
Fig. 2(a)], since it is characterised by intense convective
bursts (whereby Nu ≫ 1), occurring intermittently in an
otherwise conductive state (Nu ≈ 1). During the conduc-
tive (“resting”) periods, the emulsion is not completely
quiescent since rearrangements of the local droplet topol-
ogy occur, relaxing the stored elastic energy. It is, indeed,
this residual plastic activity which triggers further “heat
bursts”. It is important to remark that this mechanism,
which is crucial to sustain the intermittent convection, is
tightly related to the inherent “granularity” of the emul-
sion structure. The bursting events are associated with
a transient fluidisation of the material, with the emer-
gence of the typical convective-roll structure of the ve-
locity field, whose strong gradients promote droplet co-
alescence (see snapshots in Fig. 4). It is worth noting
that continuum models with local constitutive relations
between stress and shear rate hardly capture the above
mentioned intermittent behaviour [46, 47, 51]. Once con-
vection stops during the “resting periods”, these models
offer no mechanism to spontaneously restart it, since they
lack the key ingredient, that is the discrete nature of the
emulsion, i.e., finite-sized droplets undergoing plastic re-
arrangements [55]. Moreover, convective periods mod-
ify the emulsion morphology by promoting coalescence,
which reduces the total interfacial area. As a result, the
system becomes less robust to stress and more suscep-

tible to fluidisation and subsequent heat bursts, whose
frequency increases over time. Eventually, this process
leads to a spatially heterogeneous state, whereby islands
of the original concentrated (yield-stress) emulsion are
embedded in a matrix of its dilute (Newtonian) phase-
inverted counterpart [see snapshots in Fig. 4]. More-
over, once this partial phase inversion has taken place,
the heat dynamics enters a sustained convection state,
typical of Newtonian fluids at moderate Rayleigh num-
bers, as one can appreciate from the fluctuating, statis-
tically steady, signal of Nu in the rightmost part of the
graph of Fig. 4. Notice that phase inversion is only one of
the possible dynamical regimes which emulsions explore
for different combinations of the pair (ϕ, Ra), since also
some breakup- or coalescence-dominated regimes can be
reached [54]. We remark that the morphological transi-
tion from an oil-in-water to a water-in-oil emulsion in-
duced by phase inversion is irreversible [22, 70]. Indeed,
as previously highlighted when discussing the Nu vs. Ra
curve for highly concentrated emulsions, once the phase
inversion occurs, the system cannot recover its original
oil-in-water configuration upon decreasing the buoyancy
forcing. Consequently, the Nu vs.Ra curve no longer ex-
hibits the jump (hysteresis).

VI. CONCLUSIONS AND PERSPECTIVES

Emulsions are soft materials consisting of the disper-
sion of finite-sized droplets, whose complex rheology
depends on the dispersed-phase volume fraction, rang-
ing from Newtonian (dilute) to non-Newtonian (concen-
trated) behaviour. The coupling between this struc-
tural/rheological complexity and convective dynamics
opens up a fascinating and previously unexplored phe-
nomenology, particularly for: i) large values of ϕ, result-
ing in non-Newtonian emulsions [6], and ii) interfacial
dynamics involving breakup and coalescence, favouring
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structural variations [44, 45, 54, 71–75]. In this per-
spective, we have highlighted distinctive hallmarks of
this novel phenomenology, featuring abrupt transitions
in the Nu vs. Ra relation associated with mesoscale plas-
ticity [54], morphology evolution towards phase-inverted
states induced by dynamics, and long-lasting transient
states with intermittent heat transfer properties [54, 61].
Numerical simulations are essential to reveal the emulsion
behaviour across different spatial and temporal scales;
in particular, the methodology employed here [63] is
well suited to simulate emulsion fluid dynamics under
RB thermal convection, whereas experiments face, in
fact, intrinsic difficulties, such as tracking the breakup-
coalescence dynamics and droplet-size distributions (due
to the optical opacity of dense dispersions which often
hinders direct flow visualization [76]), or achieving pre-
cise density matching to prevent buoyancy-driven cream-
ing [77]. Indeed, controlled experiments on RB convec-
tion in jammed emulsions are, to the best of our knowl-
edge, missing in the literature. Numerical simulations
could, then, provide guidelines for their design and point-
ers to the regions of parameter space where novel and in-
teresting effects can be detected. For example, observing
the intermittency phenomenon reviewed in Fig. 4 would
require an emulsion with relatively small value of the
yield stress, with respect to the buoyancy strength (i.e.,
a small Bingham number). A concentrated oil-in-water
emulsion, with, e.g., silicone oil as the oil phase, can de-
velop a yield stress as low as ΣY ≈ 0.1Pa (as obtained
in Ref. [68] for ϕ ≈ 0.65), such that an experimentally
realistic RB cell of width H ≈ 0.5m with a tempera-
ture difference of ∆T ≈ 2K (which also allows to avoid
unwanted strong thermocapillary effects), would be suit-
able for the scope. In this perspective, it is important
to note that all numerical computations discussed have

been carried out in 2D due to the need for an appropriate
resolution to capture droplet dynamics and obtain a rea-
sonable amount of statistics. While 2D convection can
retain essential features of 3D convection, at least con-
cerning global large-scale quantities [78], the computa-
tional challenges posed by 3D numerical simulations are,
then, worth being embraced and are actually a matter of
presently ongoing work.
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