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Abstract
Freely suspended smectic filmswith in-plane temperature inhomogeneities can exhibit remarkable
thermocapillary (Marangoni) effects. The temperature dependence of the surface tension s ( )T
promotes flow in thefilm plane, convection roll patterns, and climbing of smectic layers against
gravitational forces.We discuss several experimental geometries wheremacroscopicmaterial
transport is driven by temperature gradients, including experiments under normal gravity and
observations inmicrogravitation during suborbital rocket flights and on the International Space
Station. In all these experiments, the temperature dependence of the surface tension drives
unidirectionalmaterialflow. The divergence of thisflownear the hot and coldfilm edges, and at the
boundaries offilm islands in thefilm, is associatedwith the creation,motion and removal of
dislocations. These dissipative processes limit theflow velocity.

1. Introduction

Liquid crystals (LCs) play a dominant role in display technology today, and their unique ferroelectric,
pyroelectric andflexoelectric propertiesmake them attractive formany other applications such as sensors and
actuators. Yet their importance goes far beyond technical interest: they are uniquely suited to studying the
fundamental physics of complexfluids. Freely suspended filmswith aspect ratios reaching 106:1 formed by some
smectic phases can be considered as quasi two-dimensional (2D)fluids, where flow is restricted to the film plane.
Their huge surface to volume ratio (reaching an order of up to 108 m−1)makes these structures very susceptible
to capillary forces, and in particular to forces related to the temperature dependence of surface or interface
tensions. Here, wewill describe several experiments inwhich thermally driven flow is observed in such quasi-2D
liquids.

Since the first descriptions of smectic freely suspended films about 40 years ago [1, 2], they have been a rich
source of scientific discoveries.Manifold studies have been devoted to understanding the structure, fluctuations
and phase transitions in thesefilms [3–6], hydrodynamic phenomena, and director field structures [7–12] aswell
as spontaneous pattern formation [13–15]. The dynamics and spontaneous self-organization of inclusions such
as islands (regions of excess smectic layers) and droplets have been investigated [16–20]. Other interesting
aspects are shape transformations [21–24] and rupture processes [24–27]. All of these types of experiments have
been performed under nominally homogeneous temperature conditions.

A few studies have focused on the effects of thermal gradients on smectic freely suspended films. Godfrey and
vanWinkle exposed horizontalfilms in vacuum to temperature gradients in the film plane [28], andwere able to
detect convection rolls in gradients as low as 0.032 Kmm−1. Their experimental geometry is sketched in
figure 1(a). Thefilms had a length (along the heated/cooled edges) of 9.3 mmandwidth (gap between the
thermocontacts) of 3.1mm.Thefilmmenisci played a decisive role in the convective flowof thesefilms. A
surprising aspect of their interpretation of the experimental observations is that they needed to assume a positive
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temperature gradient of the surface tension. Such an anomaly has indeed been found in some smectic phases.
However, thematerial they used (Schiff’s baseDOBAMBC) definitely has a negative temperature coefficient dσ/
dT<0 throughout the smectic A andCphases [29]. Thus, their interpretation of the convectionmechanism
appears to be ill-founded.

Birnstock and Stannarius investigated vertical smectic films heated frombelow [30]. In addition to the
climbing of smectic layers upwards against gravity, they observed convection rolls in the thinnest
(submicrometer thick) regions of the film. Both phenomena are discussed in detail in section 2.3 below. The
convection rolls were caused by a buoyancy-driven, thermoconvective instability (of Rayleigh–Bénard type) of
the ambient air. The thin smecticfilm acts only as a sensitive indicator of surrounding airflow. The geometry of
Birnstock’s experiment is shown infigure 1(b). Filmwidths and heights were in the range of several centimeters.
Layer climbingwas not the focus of that study, and its physical originwas not addressed by the authors.

Transport processes in thin smecticfilms driven by thermal gradients have also been investigated in
microgravity (μg) experiments on the International Space Station ISS [31]. Smectic bubbles about 15mmin
diameter andwith film thicknesses of a fewnanometers were created on a thin support needle 1.27mmin
diameter. This needle was then heated to a temperature above the ambient air temperature in the surrounding
chamber (figure 1(c)). In these experiments, smectic islands (see sketch infigure 2) in thefilmwere found to
migrate away from the heated needle, towards the opposite pole of the bubble.

A decisive step forward in the quantitative understanding of thermocapillary flows in thin smectic free-
standing filmswas achieved by Trittel et al [32] in the analysis ofmicrogravity experiments during suborbital
rocketflights. This experimental geometry is shown infigure 1(d). The rectangular ‘thermopads’ inserted into
thefilm far from the support frame and from the filmmeniscus provided a temperature gradient in the smectic
film plane. The pads had cross sections of 5×1 mm2, andwere separated by 2.5 mm. The totalfilm areawas

Figure 1.The four experimental geometries discussed in this paper. (a)Experiment ofGodfrey and vanWinkle in vacuumat normal
gravity [28]. The convection rolls are indicated by arrows. The horizontalfilmwas in contact with two opposite edges of the frame that
could be heated to defined temperatures. The sides of the frame connecting the two thermocontacts were covered bymenisci. (b)
Vertical frame used in Birnstock’s experiments [30]. (c)Bubblewith heated support needle on the ISS (the needle tip is not to scale).
(d) Framewith thermocontacts used in the TEXUS 52 andTEXUS 55 suborbital rocketmissions [32]. The front edge of the frame is
omitted for better clarity. Layer thicknesses are greatly exaggerated.
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13×10 mm2.Heating the filmwith themetal pads at different temperatures createdmacroscopic flow against
the temperature gradient, from the hot pad to the cold one, as expected formaterials with negative temperature
coefficient of the surface tension. Amodel developed to explain thismotion asMarangoniflowpredicts that the
motion sets inwith practically no threshold in this experiment.

The purpose of the present paper is an analysis and comparison of the above-mentioned experiments. First
we analyze the experiment with planar films inweightlessness, performed during the TEXUS 52 suborbital
flight. Thenwe describe qualitatively the effects of thermal gradients in the geometry of spherical smectic
bubbles supported by a heated needle inmicrogravity, including the transport of inclusions in the films. Finally,
we discuss inhomogeneously thick, vertical films in normal gravity, and explain qualitatively the observed layer
climbing phenomenon.

2. Experimental observations

2.1.Drift and convection rolls inflatfilms under zero gravity
In the TEXUS 55 experiment, with the geometry sketched infigure 1(d), freely suspended smectic filmswere
exposed to temperature gradients of up to 10Kmm−1. The liquid-crystallinematerial was 5-n-Decyl-2-(4-n-
octyloxyphenyl)pyrimidine (SYNTHONChemicals), here referred to as 10PP8. Itsmesomorphism is Isotropic
69 °CNematic 65 °CSmA60 °CSmC33 °CCryst. A detailed analysis of the heat currents and flowfields in this
experiment led to the following conclusions.

(1) The flow of the film from the hot to the cold thermocontact shifts the temperature profile in the film
towards the cold contact (inmaterial with dσ/dT<0), so that thefilmheats up a fewmK relative to a non-
flowing film. This global temperature elevation is proportional to the flow velocity.

(2) The reduction of surface energy resulting from this temperature change is much larger than the kinetic
energy necessary tomove thefilm and adjacent air layers with the observed velocities.

(3) The flow velocity is roughly proportional to the temperature difference between the hot and cold edges, and
flow sets in practically without threshold.

(4) Reversal of the gradient reverses the flowdirection immediately.

(5) The shear gradients in the air adjacent to the film contribute only marginally to the energy dissipation: the
processes that limit the acceleration of the flowoccur in themenisci. Stress generated in themenisci opposes
inflow and outflowof smectic filmmaterial. The stress is related to theflowvelocity by amaterial constant,
themobilitym of layer dislocations.

(6) The efficiency of this process is inversely proportional to the film thickness.

In the earlier TEXUS 52 experiment, the same experimental setupwas used. Afilm of 535 nm thickness was
exposed to temperature gradients between zero and 10 Kmm−1. Figure 3 shows the temperature protocol and
snapshots of thefilm between the thermocontacts. A gradient of 6Kmm−1 was already present during thefilm
preparation (by drawing ametal edge from left to right across the support frame). Figure 3(a) shows thefilm

Figure 2. Sketch of smectic islands and holes in a bubble-shaped film. The layer thicknesses are greatly exaggerated. Layer dislocations
surrounding islands and holes aremarked by red dots.
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immediately after preparation. It is initially inhomogeneous but not yet equilibrated: the film is about 1 μm
thick at the right hand side and it has itsfinal thickness in the regionmoving in at the left.

A consequence of the temperature gradient during preparationwas a drift ofmaterial towards the colder
pad. The collectedmaterial formed awedge-shaped bulge of up to 2 μmthickness around that pad.During the
following phase, until 4:00 min, thermocapillary flow transportedmore filmmaterial from the hot to the cold
edge. This is reflected in the drift of the Schlieren texture (see video in the supplementarymaterial, available
online at stacks.iop.org/NJP/21/063033/mmedia). At themaximum temperature gradient of 10 Kmm−1

(ΔT=25 K), the film near the hot padwas already SmA,where the Schlieren texture vanishes. Theflowof
material into thewedge compressed this region, and it became steeper and narrower, as seen infigures 3(b)–(e).
The border of the bulgemoved somewhatmore slowly than the film, at about 15 μm s−1 in a gradient of 6
Kmm−1 and at about 20 μm s−1 after the gradient was increased to 8Kmm−1. In this process, the dislocations
in thewedgewere pushed closer together (reaching an estimated dislocation density of about 3 per μm).

After the temperature gradient was reduced again to 6 Kmm−1, thewedge relaxed and expanded again. As a
consequence of the counterflow, thefilm texture acquired a grainy appearance. In addition, the film developed a
convection roll pair at the edges of the field of view (figure 3).We note, however, that the physicalmechanismof

Figure 3.Textures observed during the TEXUS 52flight: (a) smecticmaterial (10PP8) collects at the cold pad already during film
preparation, caused by thermocapillary flow along the drawing edge, (b) awedge-shaped region of excess smecticmaterial has formed
around the cold pad. The remainingfilm is uniformly thick,material flow against the temperature gradient is driven byMarangoni
forces, (c), (d)flowpushes the wedge towards the cooler pad, increasing thewedge angle, (e)material at the hot pad reaches the SmA
phase, and themaximumachievable gradient is reached, (f), (g) the flow against the thermal gradient decreases with decreasing
temperature gradient, competing with an expansion of thewedge zone. Two vortices appear at the sides of the region between the
pads, (h) circulatoryflows create shear and lead to a grainy texture of the c-director. The interference fringes in thewedge zone
indicate that the region is at least 2 μmthick near the pad. Arrows sketch the localflowdirection, image sizes are 6.0×4.8 mm2. The
graph at the bottom shows the temperature protocol in themicrogravity phase.
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this convection cannot be related to Rayleigh–Bénard or Bénard–Marangoni convection. The former is not
effective because of zero gravity, the latter would require the backflowof coldmaterial to the hot pad in order to
formvortices. Here, the smecticmaterial is stacked near the cold edge.

The limitedmicrogravity time prevented the further observation of the convection structure. In
consequence of the evaluation of the experimental data, wemodified the design of the experiment in the follow-
upmissionTEXUS 55. There, thefilmwas drawn under isothermal conditions, and neither of the two pads
showed an agglomeration ofmaterial after film preparation. The results of this experiment were reported in [32].

The observationsmade during the TEXUSflights can be explained as follows. In afilm of uniform thickness
h, the relation between the observed drift velocity v and the temperature differenceΔT between the two contacts
is

=
SD ( )v

m T

h
, 1

with the dislocationmobilitym, amaterial constant of the order of 4× 10−8 m Pa−1 s−1 [33], and the
temperature coefficient of the surface tensionΣ=dσ(T)/dT.WhenΣ is negative as inmost fluids (exceptions
arementioned in [32]), thisflow is directed against the temperature gradient, from the higher temperature to the
lower temperature regions.

Dislocations in the smectic layer structure, as seen infigure 1(b), occurwherever there are inhomogeneities
of the film thickness.When thefilmmaterial flows into themeniscus, new dislocations are created and pushed
into themeniscus. The specific energy dissipation rate per unit length of themeniscus is f = hv mm

2 , where h is
thefilm thickness and v is the velocity of thematerial flowing into themeniscus [7].

Note that the flow velocity in equation (1) is independent of the distance between the two thermocontacts,
unlike Rayleigh–Bénard convectionwhere the Rayleigh number as the control parameter depends upon the gap
width between the hot and cold plates cubed, or Bénard–Marangoni convectionwhere the control parameter
depends linearly upon the gapwidth (see, e.g. [34]).

When thefilm is laterally confined by a frame andmeniscus, stress is generated by the flowof smectic
material into and out of themenisci.When the film is inhomogeneously thick, as in the region near the cold pad
in the TEXUS 52 experiment, the flow creates stress at the border of the bulging region at the cold plate, which
pushes this border towards the cold edge. The corresponding force per length, 2ΣΔT is of the order of
1.5× 10−3Nm−1 in our experiment. This leads to the compression of thewedge infigures 3(b)–(e). In afixed
temperature gradient, the equilibrium shape of thewedge, i.e. its stationary thickness gradient and the
dislocation density, is established by the balance of the above-mentioned force and the repulsive forces between
the dislocations in thewedge region.When the temperature gradient in the film is lowered, the stress decreases
and thus thewedge angle relaxes, pushing the border back, away from the solid pad, as seen infigures 3(f)–(h).
The dislocation density in thewedge has dropped to about 1/μmin figure 3(h), and thewedge angle has relaxed
to approximately 0.15°. The temperature difference was reset to 15 K again at time 6:00 min, shortly before the
end of themicrogravity phase, but a novel retraction of thewedge border could not be recorded since the film
was destroyed shortly afterwards by acceleration forces during re-entry of the rocket.

2.2. Thermomigration of islands on smectic bubbles
Microgravity experiments with smectic bubbles were performed on the ISS in the framework of theOASIS
project betweenAugust 2015 andMarch 2016.Whilemost of theOASIS experiments were conducted in a
uniformly thermostated chamber, a few experiments were devoted to exploring the effects of thermal gradients.
For this purpose, the supporting needle could be set to a higher temperature than that of the chamber. It is
difficult to estimate the resulting temperature profile in the chamber, so thatwe can provide only a qualitative
discussion of the observed phenomena shown infigure 4. Thematerial usedwas a smectic Amixture (8CB+
DisplaytechMX12160 [31]), with phase sequence Isotropic 56 °CNematic 54 °CSmA5 °CCryst. The
uniformly thin bubble with afilm thickness of a few smectic layers (10–20 nm)wasfirst decoratedwith small
islands (approximately 80 nm thick), whichwere created using airjets [31]. Then the needle temperature was set
to 40 °C,with a nominal background temperature of the chamber walls of 28 °C. After a few seconds, as the
temperature gradient in the surrounding air built up, the islands started tomigrate away from the needle.

Inmicrogravity, there is no buoyancy-driven thermal convection of the air in the chamber. The smectic
bubble itself is an excellent indicator of convective flowof the air. The absence of noticeable flowpatterns in the
films suggests that the air can be considered as stationary. Thus, there is no significant heat transport by airflow.
We can safely assume that the contribution of the thin smecticmembrane itself to heat transport is also
negligible. The temperature profile is thus established predominantly by heat diffusion in the air. The
temperature distribution in the chambermay be estimated by solving the Laplace equationwith appropriate
boundary conditions at the needle and the chamberwalls.We assumed an axially symmetric geometry (1.25 mm
diameter needle held at 40 °C inside a cylindrical chamber with 25 mmradius). The solid line infigure 5 shows
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Figure 4. Islands on a smectic bubblemigrating under the influence of a thermal gradient (needle at 40 °C, chamberwalls at 28 °C).
Thematerial is a commercial smectic Amixture (see text). A selected island ismarked by arrows to indicate the upward drift. The dark
spot facing the observer is a technical artefact. The position of the heated needle tip is sketched below the images. The images were
taken from a sequence recorded at a frame rate of 30 fps. Time is shown in the formmin:s in each image.

Figure 5.Calculated temperature profile at the smectic bubble surface established by heat conduction of the ambient air, with the
supporting needle at 40 °Cand the chamberwalls at 28 °C.The solid curve represents the numerically computed profile. For
comparison, the dashed curve shows the analytical result for a spherical heat source with radius rc at the needle tip. The inset shows the
stationary, axially symmetric solution of the heat diffusion equation, with contour lines in 2 K steps. The bubble is indicated by the
dashed circle.
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the computed temperature profile of the smectic film, as a function of the polar angle defined infigure 1(c). The
dashed curve shows for comparison the analytical solution of the temperature distribution assuming a heated
spherewith the diameter of the support capillary, 2rc, located at its tip, in the center of a spherical chamber. The
average temperature gradient along the bubble surface is of the order of 1Kmm−1 but it is very inhomogeneous:
in the vicinity of the support needle, the gradient reaches 10Kmm−1. This is comparable to the gradients
imposed in the TEXUS experiments (section 2.1). Across the upper hemisphere of the bubble, the temperature
difference barely exceeds 1 K. The inset shows the complete temperature profile in the chamber, with isotherms
in 2 K steps. The dashed blue circle represents the smectic bubble supported by the needle.

The temperature gradient causesfilmmaterial toflow from themeniscus around the needle into the bubble.
The thin background film is gradually replaced by thicker, hotter film, about 50–80 nm in thickness. This drift
raises the temperature of the film,modifying the local temperature distribution. The increasedfilm temperature
(a fewmK) leads to a reduced surface energy [32]. The temperature coefficient of surface tension of the
mesogenicmixture used in the experiment has not beenmeasured, butwe assume that it is of the same order of
magnitude as a number of other LCswith similar structures [29], s » - ´ -Td d 5 10 5 Nm−1 K−1.

Themeniscus represents a huge reservoir, its contents far exceeding the volume required to increase the film
thickness by dozens of nanometers. The smecticmaterial delivered by themeniscus around the needle pushes
the smectic islands upwards. The ‘upward’migration of the islands on the bubble is apparent infigure 4. A thick
film region that originates around the needle and advances ‘northward’, occupyingmore andmore of the lower
part of the bubble, is captured in the space-time plot offigure 6(a), where one recognizes that the flow involves
the complete bubble surface.

For an interpretation of the observed drift of the islands, one needs to consider the experimental geometry. A
divergence-free, axially symmetric flowfield originating from themeniscus at the support needle would require
a velocity q q=( )v v sin0 (definition of θ see figure 1), with a constant v0 corresponding to theflowvelocity at
the equator. On the other hand, the projection of vnear the verticalmid-plane of the bubble onto the viewing
direction yields q=v v sinapp . Thus, a non-divergent flowwould bemanifest in the images in an overall θ-
independent upwardmotion of islands advectedwith the background film, with an apparent flow velocity
vapp=v0. The observedfilm velocity is larger near themeniscus and decreases towards the equator. Figure 6 (b)
compares the apparent velocities at the edge of the thicker region and near the bubble equator over time. The
material leaves themeniscus with a velocity of the order of 130 μm s−1 at the beginning of the experiment, with
this velocity later dropping to about half of the initial value.

When one considers the propagation of the thickfilm edge infigure 6, one has to be aware that the pressure
inside thefilm is slightly lower (by a few Pascal) than the air pressure outside. Thus a small force pushes the edge
towards the thicker film region.Moreover, the upwardmotion of the thicker region increases the length of the
edge, which has a line tension of the order of 50 pN (the product of step height and surface tension). These forces
are of similarmagnitude, and they act in the same direction. The former increases with qsin during climbing,
the second decreases with qcos . Relative to the driving thermocapillary forces, however, they can both be safely
neglected.

Thermotropic smecticA and smecticCLCs are essentially incompressible fluids. Nevertheless, the 2D flow
field on the surface of a tethered smectic bubble is not neccessarily divergence-free. Theflowfield is complicated
by there being a source of LCmaterial around the needle (themeniscus) but no corresponding drain at the
opposite pole of the bubble. Excessmaterial that accumulates on the bubble as a result of thermocapillary flow
can be absorbed by growing islandswith excess layers (escaping to the third dimension). The island coarsening
seen infigure 4 is partly a result of coalescence andOstwald ripening, processes which occur on bubbles in
thermal equilibrium aswell. However, in the presence of a temperature gradient we observe an increase in the
total area of islands resulting from the net influx of smecticmaterial from themeniscus. The divergence of the
flowfield is reflected in the difference of apparent velocitiesmeasured at the edge of the thick region at the
bottom and at the bubble equator (figure 6(b)). Note that this divergence does not vanishwith time, even though
the two curves approach each other. This occurs simply because the bottom island border climbs up and
approaches the equator. Figure 6(b) also shows that the climbing velocity of the thick region decreases
approximately linearly in time. Assuming that a stationary temperature distribution is established after the first
minute, this observation indicates that the thermally driven transport becomes less efficient. The reason is
probably that an even thicker film emerges from themeniscus at later stages.

As in the planar films, the flow is limited by the induced stress at themeniscus and the island borders that
have to release or absorb, respectively, the transported filmmaterial. The relation between the stress pm at these
borders and the velocity vin of the inflow into an island is, as above, pm=vin/m, with the dislocationmobilitym.
A similar stress is produced at themeniscus around the supporting needle (see section 2.1). The efficiency of this
mechanism is not influenced by the number andmean size of islands, because the absolute volume of absorbed
material per time is independent of these quantities as long as the outflow from themeniscus is constant.
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A complete, quantitative analysis of the bubble observations is challenging because of the complex geometry
of the experiment. However, we note that themeasuredflow velocity at the capillary, » »v v r r 130bc 0 c

μm s−1, with a temperature gradient near the needle of≈1 Kmm−1, is rather similar to thatmeasured in the
TEXUS experiments withflat filmswithwell-defined geometry and gradients [32]. This provides some
confidence thatflow is caused by the samemechanism, and that the two smecticmaterials behave qualitatively
similarly.

Marangoni flow in the opposite direction, towards the supporting needle, was achieved by setting that needle
to the chamber temperature and heating the twometal airjet needles at the opposite pole of the smectic bubble
[31]. Selected images of this experiment are shown infigure 7. The gradient is imposed by heating a pair of
needles (indicated in yellow) above the bubble to 45 °C,with the bubble chamber at 30.5 °C. This case is
essentially different from the other experiments described in this paper: Thefilm is heatedwithout direct
contact, in an areawhere no reservoir in the formof ameniscus is available. Thefilmmaterial again flows from
the hot polar region toward the cold one, with an initial apparent velocity of about 25 μm s−1 estimated from the
displacement of dark ‘holes’ (regions of lowerfilm thickness) that form around the top of the bubble. Since there
is no reservoir that can deliver liquid crystallinematerial, thefilm compensates for the divergent 2D flowby
thinning the upper part of the bubble, leading, eventually, to the growth of a large hole. Only a few smectic layers
remain in this region, the hole appearing nearly black in the images (figures 7(a)–(d)). The hole expands during

Figure 6. (a) Space-time plot of the vertical profile of the image sequence from figure 4, obtained 2 mm left of the center (immediately
left of the black artifact in the images). The time axis runs from0:00 to 16:47min, the vertical axis covers 15mm,where the bottom is
1mmabove the needle tip and the top is the upper end of the bubble. The chamber walls were at 28 °C.The temperature of the needle
was changed from28 °C to 40 °Cat time 0:24 min (yellow arrow). (b)Velocities vapp of the edge of the thick advancing region at the
bottom and island near the equator of the bubble, the dashed line is a linearfit.
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thefirst 3min of the applied temperature gradient but then the expansion stops (figures 7(c), (d)). This can be
explained as follows: as long as there is a significant temperature gradient outside the hole, the thinfilm region
can expand and thereby generate flow in the gradient region.Once the hole has expanded to cover the thermally
inhomogeneous part of the bubble, there is no further expansion (because a further expansion of the thin region
would promote flowonly infilm areas that are nearly constant in temperature, with no reduction of surface
energy). Inside the very thin hole, temperature gradients do not generate flowbecause this would require further
film thinning. The described thermalmechanismdoes not provide enough energy to nucleate new, thinner
holes. Onewould presumably need to heat thefilm by another 10K, close to the nematic phase transition in
order to induce layer thinning [35], and tomovemorematerial away from the hot pole.

2.3. Climbing of smectic layers in verticalfilms
The geometry of vertical smectic films under normal gravity, studied by Birnstock [30], adds evenmore
complexity. First, the gravitational forces themselves that act on the filmmaterial have to be considered, and
second, thefilms are in general inhomogeneous after preparation, with a vertical thickness gradient. If a thermal
gradient is applied between a lower hot frame edge and an upper cold edge, thermally induced flow transports
smectic layers upwards against the gravitational drag. A suitable extendedmodelmust include not only the
additional external forces, but also the dynamics of the film thickness profile, i.e. themotion of dislocations
relative to the flowingfilmmaterial.Within the present paper, we provide only a qualitative discussion of this
experiment, without a quantitative analysis whichwould require the solution of theNavier–Stokes equation in
thefilmwith the appropriate boundary conditions.

Figure 8 shows images of a vertical filmwith awidth of 33mmand a height of 20mmin the geometry of
figure 1(b). In the upper part, where the film is thinnest (≈80 nm), buoyancy-driven thermoconvection of
ambient air induces vortexflow in thefilm by advection. This is seen in the early images offigure 8where some
islands are distorted and carried alongwith two counter-rotating convection rolls. In this region, the

Figure 7. Islands on a smectic bubblemigrating under the influence of a thermal gradient (heated needles above the bubble top,
indicated schematically by yellow lines, at 45 °C, bubble chamber at 30.5 °C). The dark spot facing the observer is a technical artefact.
The images were taken from a 10 min sequence recorded at a frame rate of 30 fps. Time is shown in the formmin:s in each image. The
red arrowmarks a typical ‘hole’, a regionwith reduced film thickness.
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temperature gradient is averaged out to a large extent by the convective flow.However, the differences in surface
tension at the top and bottom edges of the frame still act on the film as awhole andmove the filmmaterial
upwards, against the thermal gradient. Infigure 9we have traced the positions offilm regions of constant
thickness, which are identified by their interference colors. Initially, the overall upward drift is faster than the
motion of dislocations relative to thefilm, and the thicker regions in the lower parts of the film climb upwards.
This reverses after some time in the lower parts (thicker film regions). This can be attributed to the competition
of two effects: gravitation forces pull the excess layers down, against the thermally induced drift. The
thermocapillary forces pull the filmmaterial up, towards the colder edge. The thermocapillary effects aremore
efficient for thinner film regions (see equation (1)). The observed displacement of regions of constant thickness
is thus the superposition of twomotions, an upwardmaterial transport and a downward shift of dislocations
relative to the filmmaterial.We cannot distinguish these two processes since in unpolarized light, the textures as
indicators ofmaterial transport are not visible. The actual upwardmaterial transportmay therefore be
substantially larger than the climbing velocities plotted infigure 9.

Qualitatively, the trends of the graphs in figure 9 can be explained as follows: Initially, when thefilm at the
topwas very thin, the thermally induced drift was faster than the relative downwardmotion of dislocations
everywhere in the film. Therefore, all graphs in the plot rise.When the thicker film regions reached the top edge,
the inflowdeceleratedwith largerfilm thickness (equation (1)). Additionally, the temperature of the upper frame
edgemay have increased slightly, reducing the effective temperature gradient. As a consequence, theMarangoni
flow slowed down and the downward dislocationmotion took over, starting in the thickest film parts.

Figure 8.Climbing of smectic layers in a vertically suspended film under the influence of a vertical temperature gradient. A
thermostated block at the lower frame edgewas set to a temperature ofTh=70 °C.The top of the framewas not heated. It remained
approximately at room temperature (25 °C). Images are 33×20mm2. The smecticmaterial is the commercialmixture FELIX16-100
(Hoechst). During the first 10min, hot airflowing upwards induces a pair of convection rolls in the upper thinfilm region (thickness
≈80nm). The thicker regions that climb up are less sensitive to airflow, thus the convection ceases.
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Additionally, themutually repulsive interactions of dislocationsmay play a role in the broadening of the film
thickness gradient.

The observations presented infigure 8, obtained in an experiment almost two decades ago, demonstrate that
theMarangoni effect is powerful enough to overcome gravitation forces in thinfilms.However, Birnstock’s
experiment in 2001 had a different focus, and the setupwas not designed for quantitative analysis. Since the
upper frame edgewas not thermostated, it can only be assumed that it was at a temperature close to, but not
exactly equal to, room temperature. For a quantitative investigation of this phenomenon, further experiments
underwell-controlled thermal conditions are needed.

Irrespective of that, one can estimate the temperature gradients that are needed to lift smecticfilmmaterial
by thermocapillary forces: the difference in gravitational (hydrostatic) pressure between the top and bottomfilm
edges is  rDp gHgrav , where ρ is the smecticmass density andH is the vertical film height. The equality sign

holds for a uniformly thickfilm, infilmswith vertical thickness gradient dh/dz<0, the pressure difference is
smaller. The pressure generated by capillary forces is qD = Sp H h2c , with the temperature coefficient of the
surface tension,Σ≈−5× 10−5 N Km−1, for the smecticmixture used [29] and the vertical temperature
gradient θ=ΔT/H. The conditionΔpc>Δpgrav is fulfilledwhen

q
r

>
S

( )gh

2
. 2

For afilmwith thickness h=1 μm, theminimal temperature gradient for upward transport is approximately
0.1Kmm−1.With larger gradients, the smecticfilmmaterial can be lifted to considerable heights by
thermocapillary forces (as long as the temperature remains in the smectic phase range). In the experiment shown
infigure 8, the temperature gradient was of the order of 2Kmm−1. The temperature difference would have
sufficed to liftfilmmaterial by about 40 cm, i.e.muchmore than the actual frame height. The actual value of θ
was probably lower in that experiment, because the temperature of the upper frame edgewas notmeasured, and
becausewe have disregarded the temperature drop in the largemenisci that are present in this setup.We can
nevertheless conclude that for this particular set of parameters, gravitation forces lead only tominor corrections
of theMarangoni effect, and the experiment would essentially work quite similarly in a horizontalfilm. The
calculated hydrostatic pressure difference isΔpgrav<200 Pa, whileΔpcmay be of the order of 4kPa.

In relation to the thermocapillary forces acting on thefilm, itsmomentum changes and related kinetic
energy changes are negligibly small. For example, the acceleration of a 1 μmthickfilm in the frame from rest to
themaximumvelocity observed in the experiment (≈30 μm s−1)within 1 secondwould require a pressure of
less than 1mPa on one of the frame edges only. The same holds for the acceleration of additionalmeniscus
material entering the filmwhen its thickness increases on the time scale of the experiment. Thismeans that, as in
the other experiments described above, the energy gained by capillary forces is dissipated almost completely in
thefilm and themenisci, by themotion of dislocations.

In the study of Birnstock [30], it was further reported that excess smecticmaterial transported in a vertical
homogeneously thickfilm accumulated at the upper, cold edge of the film. In contrast to thefilms observed in
microgravity, the thick bulge at this cold top edge became unstable (Rayleigh–Taylor instability) and droplets
trickled back down thefilm. This process continued as long as the temperature gradient wasmaintained.

Figure 9.Climbing of smectic layers in thefilm shown infigure 8. Since the zones of equal thickness are not exactly horizontal but
perturbed by convection, the heights represent averages over width of thefilm.

11

New J. Phys. 21 (2019) 063033 R Stannarius et al



3. Summary and conclusions

The principalmechanism that is responsible forflow in freely suspended smecticfilmswith in-plane
temperature gradients has been discussed in a previous publication [32]. Here, we reviewed several experiments
where thermocapillary flow in free-standing smecticfilms transportsmaterial and inclusions, in different
geometries, with andwithout gravitation.

The evaluation of video data of the TEXUS 52 suborbital rocket experiments inmicrogravity, presented in
section 2.1, has not only demonstrated thatmesogenicmaterial accumulates in large quantities at the colder edge
of the film, it has also shown that theflow can produce stress that affects the compression or relaxation offilm
regions containing dislocation arrays (wedge-shaped regions). The rate of this process is determined by the
balance of thermocapillary forces at the thermocontacts in thefilm and hydrodynamic dissipative forces related
to the dislocations that are formed and transportedwhen the filmmaterial enters or leaves themenisci.

Spherical smecticfilms decoratedwith 2D emulsions of islandswere investigated in temperature gradients
during theOASISmission on the International Space Station, with results presented in section 2.2. Local heating
of the smectic bubbles inmicrogravity generates thermocapillary forces that driveflow in thefilm. The directed
motion of smectic islands under thermal gradients that is found in these experiments (figure 4) is atfirst glance
reminiscent of thermomigration or thermophoresis observed in suspensions, emulsions ormixtures of fluids. In
fact, however, the islands simplymovewith the background film, and theirmotion is not the consequence of
direct interactionswith the thermal gradient. Holes in theflowingfilmmove in the same direction as islands
(figure 7), also being carried away from the high temperature region, with the backgroundfilm. The islands or
holes can thus serve as tracers that indicate the localfilmdrift.

Direct interactions of islands or holes with thermal gradients in the film planemay exist as well, but these are
muchweaker: one could imagine, for example, forces that drive dislocations that surround islands or holes
towards hotter film regionswhere the liquid-crystalline order parameters are lower. Such forces would act
opposite to the observed direction ofmotion.We expect them to be negligibly small compared to the
thermocapillary drift forces.

TheOASIS experiments demonstrated thatMarangoni flowof thefilm can transport inclusions, which
could be exploited in practical applications. For example, such inclusions could be droplets of reactants for
chemical reactions ormicroprobes in chemical sensors. The experiments also demonstrate that direct contact
between the smectic film and the heat source is not needed.When the film is heated in a region far from a
reservoir (meniscus), such as in bubbles heated at the end furthest from the support needle (figure 7), material is
transported against the temperature gradient as long as the film is inhomogeneously thick there. Then, the hot
region can grow by an expansion of existing holes or by the shrinkage of islands. Further growth of a
homogeneous film regionwould require the creation of newholes by thermocapillary forces.

Finally, we have shown that evenmoderate temperature gradients can be sufficient to lift smecticmaterial in
a vertical film against normal gravity. Since the relative strengths of capillary and gravitational forces depend on
thefilm thickness (equation (2)),films a fewnm in thickness will be particularly susceptible to even very small
temperature gradients of the order of 1mKmm−1. This has to be taken into account in all situations where local
heat sources affect smecticfilms, for examplewhen absorption processes offilms dopedwith dyes play a role or
when chemical reactions take place. The calculation of the dynamics of inhomogeneous vertical films is a
challenging future task, and its experimental investigation requires an improved setupwithwell-defined
boundary conditions. Tracking themotion of small, neutrally-buoyant objects in the filmmay help to
distinguish themotion of dislocations from transport offilmmaterial.

Marangoni flow should be taken into account in all situationswhere smectic films are not held under
isothermal conditions. Itmay also be exploited inmicrofluidic applications.
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