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We investigate the evolution of convective instability in a LiBr-water binary mixture, driven by thermal and solutal
Marangoni stresses, through numerical simulations. A small perturbation in absorption at the surface disturbs the
equilibrium, generating surface tension gradients that drive Marangoni flows. To isolate and better understand the
interplay between the Marangoni effect and absorption, we extended the previous study by investigating the LiBr-water
binary system in the absence of gravity. For the first time, we observed the formation of a stable rim in an absorbing
binary mixture, which underwent a slight contraction followed by rapid Marangoni spreading. This behaviour shows
similarities with the flow patterns seen in the ’coffee-ring’ and Marangoni spreading phenomena in evaporating binary
mixtures. On the subsurface, convective motion breaks into several vortices, accompanied by the formation of plumes
with reduced mass fraction. As the system evolves, the symmetry of the flow pattern around the cell center breaks
down. The absence of buoyancy-driven forces eliminates a key counterforce to Marangoni flows, transforming the
previously ordered patterns into non-periodic oscillations, followed by the development of non-stationary but regular
patterns. These results complement our earlier findings [PF. Arroiabe et al., Phys. Fluids 022119 (2024)1], where
gravitational forces obscured these phenomena.

I. INTRODUCTION

Absorption technology attracts significant attention due to
its potential for sustainable and energy-efficient heating and
cooling2. A critical component of absorption machines is the
absorber, due to its low heat and mass transfer coefficients,
significantly impacting the overall performance of the system.
Understanding the heat and mass transfer processes within
the absorber is crucial for improving the efficiency of absorp-
tion machines3,4. While our attention in this study is focused
on absorption chillers, where the LiBr solution absorbs water
vapour to facilitate cooling, some similarity in the overarch-
ing principles of mass transfer, diffusion and interfacial phe-
nomena can be found with pollutant absorption systems used
in air and liquid purification, where absorbents capture pollu-
tants5,6.

When an initially quiescent fluid experiences non-uniform
absorption at its free surface, the surface tension of the fluid
varies with concentration and temperature. This variation
creates a shear stress that drags fluid along the interface to-
wards regions of higher surface tension, a phenomenon known
as Marangoni flow. Since the 1990s, the concept of using
Marangoni convection to enhance heat and mass transfer on
an absorbing interface has gained considerable attention7–11.
In order to understand the role of the Marangoni effect, nu-
merous experimental studies have been conducted in small-
scale stagnant pools with the addition of various surfactants
to increase the capillary force9,12–14. In simulations with real-
istic LiBr–water solution parameters, the presence of surfac-
tant was modelled by adjusting the value of the surface tension
gradient with the mass fraction. However, a comparison of the
numerical predictions with the experimental results revealed a
significant discrepancy, indicating that the numerical models

were not exact7,9,10. There was then a decade-long pause in
modeling convection in stagnant pools with an absorbing in-
terface.

A deeper insight in the absorption dynamics in the presence
of buoyant and Marangoni convection, without the addition
of surfactant, has been provided in our recent paper1. The
flow emerging from local interface perturbation was catego-
rized in three regimes developing in successive time intervals.
In the first regime, noticeable changes in flow velocity (V ),
mass fraction (w), and temperature (T ) occur exclusively in
the central part of the cell, where variations in surface tension
have a dominant influence. The second regime is character-
ized by a significant and abrupt changes in w, T , and V , due
to the onset of buoyant convection. The third regime is distin-
guished by the emergence of ordered patterns in all quantities,
with periodicity evident in both space and time.

These results clearly demonstrated that in the dynamics of
absorption and heat mass transfer, the buoyancy force plays
an important role. To isolate and further elucidate the inter-
play between the Marangoni effect and absorption, we ex-
tended the previous study by placing the LiBr-water binary
system under microgravity conditions (g = 0). The behavior
of the system with and without gravity is surprisingly differ-
ent. When g = 0, we observe for the first time the occur-
rence of a stable rim in an absorbing binary mixture, where
the flow pattern has similarity with the well-known "coffee-
ring" phenomenon in evaporating liquids15–17. Furthermore,
we observe a small retraction of this rim, followed by rapid
Marangoni spreading at a later stage which is also the sub-
ject of numerous studies18–20. In such studies, the Marangoni
effect usually involves both thermal and solutal convection.
The variety of patterns that emerge has been experimentally
studied in binary mixtures, where both types of convection



Marangoni-driven patterning 2

are present, but solutal convection is driven by the Soret ef-
fect21,22. It was reported that evaporation primarily influenced
pattern formation during the early stages, while the Soret ef-
fect became more significant later21. Our LiBr-water system
also exhibits the Soret effect, and similar to the NaCl-water
mixture, it has a negative Soret coefficient at the composition
of interest23. This opens up further opportunities for research.

We should note that absorption is very different from evap-
oration since, in absorption, the temperature and concentra-
tion at the interface are continuously related by equilibrium
conditions24,25:

we(T,P0) = w∗
e0 +w∗

T (T −T0) (1)

where w∗
e0 is the equilibrium concentration at the reference

state, and w∗
T = ∂w/∂T is the linear concentration coefficient,

both depend on pressure.

II. PROBLEM FORMULATION

This study examines convective instability in a LiBr-water
binary mixture that absorbs water vapor. Although LiBr dis-
sociates in water, it is treated as a single component in this
investigation. This approach is justified by considering the
macroscopic motion of the LiBr solution as a whole, charac-
terized by macroscopic quantities measured for this solution.
Local equilibrium between the concentrations of ions with op-
posite electrical charges is maintained by the condition of zero
macroscopic bulk charge density. Since the study does not
involve an electric field, thermoelectric phenomena, or other
processes where the ionic charge is significant, using the stan-
dard macroscopic equations for binary solutions, typically ap-
plied in the literature for salt solutions, is justified. Therefore,
it is sufficient to use a single variable (w) for the solute mass
fraction.

During the absorption process, the water is absorbed from
the gaseous medium in contact with the solution, while LiBr
neither consumed nor added to the solution. Thus, the phase
boundary remains impermeable to LiBr, displaced by the en-
try of the absorbate into the solution.

While one might expect a decrease in the mass fraction w
due to the absorption of water vapor at the interface, this ex-
pectation is not consistent with the observed behavior as il-
lustrated in Fig.1(b). Initially, when the bulk solution is far
from equilibrium, the absorption process occurs particularly
rapidly and then slows down. This can be attributed to the
fact that thermodynamic equilibrium is reached immediately
at the interface during absorption. Furthermore, the diffusion
of LiBr from the interior of the solution to the interface occurs
at a rate comparable to that of water vapor absorption.

A. Governing equations

The binary LiBr-H2O mixture is a Newtonian fluid where
the absorbent (LiBr) is non-volatile (vanishing vapour pres-
sure). The variable w denotes the mass fraction of LiBr. Un-
der assumptions written above, the problem of absorption is

described by the Navier–Stokes, heat, and mass transfer equa-
tions:

div v = 0 (2)

∂v
∂ t

+v ·∇v =− 1
ρ0

∇P+ν∆v (3)

(4)
∂T
∂ t

+v ·∇T =
k

ρ0 cp
∇T (5)

∂w
∂ t

+v ·∇w =− 1
ρ0

∇J (6)

here J = −ρ0 D∇w is the mass flux, v = [Vx,Vy], P,T, are the
velocity, the pressure and the temperature, t is the time, g is
the gravity. The thermal βT and solutal βw expansions are
defined as βT =−ρ

−1
0 ∂ρ/∂T , βw = ρ

−1
0 ∂ρ/∂w.

The aspect ratio, defined as length to height, is kept con-
stant, Γ = L/h = 7.5, L = 75 mm and H = 10 mm. The ther-
mophysical properties of the lithium bromide mixture, a high
Prandtl liquid Pr = 19, are given in Table 1.

B. Boundary conditions

Interface: The interface is ideally flat and without surface
waves, corresponding to the limit of large surface tension. The
quantitative comparison of the interface velocity obtained in
our model with the experiment14 indicates that the flow dy-
namics is well captured under the flat interface assumption.

a) Vapour pressure equilibrium is assumed at the free sur-
face, which means that the vapour pressure of water (H2O) in
the liquid phase is equal to the pressure of water vapour in the
gas phase at the free surface. At the interface, the equilibrium
mass fraction we is assumed to be the function of tempera-
ture we = f (T ), as stated by Eq. (1). Commonly, in numeri-
cal simulations the relation (1) is used in the inverse form as
Te = f (we)

Te = A1 +A2we (7)

The value of the coefficients A1 and A2 are given in Table I
(last line).

b) Vapour-liquid equilibrium in presence of absorption
leads to the coupling of the heat and mass fluxes (Habs is the
heat of absorption, mabs is the absorbed mass flux)

k
∂T
∂y

= mabsHabs, (8)

(a) mabs =−ρD
w

∂w
∂y

or (b) mabs =−ρD
∂w
∂y

Equation (8) shows that the mass flux mabs can be defined in
two different ways. The condition (8a), so-called 1D diffu-
sion, considers that the penetration of the absorbate changes
the volume of the solution, so the flat upper boundary begins
to move3,26. When using condition (8b), the interface motion
is disregarded. Correspondingly, the layer thickness remains
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FIG. 1. Particularity of LiBr-Water mixture absorbing water vapor. (a) Sketch of diffusion/absorption process; (b) Evolution of mass fraction
at the interface during absorption. Initially the curve goes almost along the vertical axis. The inset shows the slowdown in the change in w a
few seconds after the process begins. (c) Dependence of the LiBr surface tension (σ ) on composition and temperature.

constant and the velocity field in the pool is not affected by
the interface displacement.

In this study we use boundary condition (8a) assuming that
the characteristic time of the interface motion is much larger
than the hydrodynamic timescale. The interface deformation
is not considered, then Vn = 0. This assumption was also used
in previous simulations by different authors9,10.

d) Balance between viscous and capillary forces is imposed
in the presence of Marangoni convection

µ
∂Vx

∂y
= σT

∂T
∂x

+σw
∂w
∂x

(9)

e) The remaining boundary conditions are as follows (here the
subscripts n refer to the normal component):
- No-slip condition for velocity along the lateral and bottom
walls v = 0.
- Adiabatic conditions on the lateral and bottom walls
∂T/∂n = 0.
- The lateral and bottom walls are impermeable ∂w/∂n = 0.

C. Initial conditions:

The pool of LiBr-water at t = 0 is kept at T0 = 303 K
and its mass fraction is w0 = 0.5522 kg/kg. These initial
conditions are far from the equilibrium conditions determined
by the equilibrium linear function, Eq. (7). The equilibrium
condition at P = 2.3 kPa corresponds to we = 0.4143 kg/kg

and Te = 323.11 K, respectively. The liquid at the interface
reaches thermodynamic equilibrium with the vapour im-
mediately upon contact at t = 0, but it takes time for the
effect to diffuse into the bulk liquid. Since we consider
one-phase problem, at the initial time we impose at the
interface T (t = 0) = Te, and w(t = 0) = we.

Flow perturbation:
Here we examine absorption process affected by local per-

turbation of the mass fraction at the interface, leading to the
appearance of Marangoni flows. It is important to note that
this composition perturbation is imposed 10 seconds after the
absorption process commences, with an instantaneous and
singular effect. Within the localized perturbed region, the
mass fraction distribution is modeled as a cosine function:

w = w0,in −
∆w
4

[
1− cos

(
1000π

3
x+

π

2

)]2

(10)

34.5 mm ≤ x ≤ 40.5 mm.

Correspondingly, w0,in is the mass fraction on the interface at
t = 10 s. A local perturbation of concentration in middle with
a radius of R0 = 3 mm with max value ∆w= 0.002 kg/kg leads
to a subsequent decrease in the equilibrium temperature.

We chose the squared cosine function for analyzing local-
ized perturbations for following reasons. The difference be-
tween cosine and its square lies in the width of the peak, which
is narrow in the case of squared cosine. We assume that the
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perturbation of absorption is strong locally. In addition, its
smooth edge profile of the squared cosine helps mitigate po-
tential numerical instability.

D. Numerical approach

Governing equations (2)-(6) with boundary conditions (6)-
(9) are solved in dimensional variables using the commer-
cial software ANSYS Fluent 23.1 based on the Finite Vol-
ume Method. For this purpose, the SIMPLE scheme for pres-
sure velocity coupling is used. Second order for pressure
discretization and second order upwind for energy, momen-
tum and species transport discretization are employed. More-
over, gradients are evaluated using Green-Gauss Node Based
scheme.

The code validation and mesh independence analysis, dis-
cussed in our previous paper with gravity1 , remain consistent
with the current investigation. During the first ten seconds,
when uniform absorption occurs, no convection is present, the
numerical solution was validated by comparison with the ana-
lytical solution proposed by Nakoryakov et al.3. The uniform
absorption is unaffected by gravity.

When convection begins, the primary challenge is the slow
diffusion combined with the fast Marangoni flow, as the Lewis
number is around 90. The mesh near the surface must be suffi-
ciently fine to accurately resolve this issue. For the convection
phase, the numerical code was validated by comparison with
experimental results14. Due to the opposite signs of Mas and
MaT in the initial stage, the flow direction is toward the cen-
ter, which exactly matches the flow direction observed in the
experiments. Additionally, the experiments reported that the
horizontal velocity reaches 0.8 mm/s at the beginning of the
process14, which is in excellent agreement with the numeri-
cal predictions. In these initial stages, the Marangoni force is
the primary influencing factor, and the presence or absence of
gravity does not yet play a role. Therefore, the previous code
validation remains applicable to the current study.

III. RESULTS

At the initial time t = 0, the mass fraction of LiBr at the in-
terface is lower than in the bulk solution and the temperature
is higher, see the sketch of absorption in Fig. 1. The composi-
tion perturbation is imposed 10 s after the start of the absorp-
tion process, with an immediate and singular effect. A minor
disturbance of the mass fraction at the center of the absorbing
interface, as given in Eq. (10 ), results in the formation of a
localized area with a lower LiBr mass fraction and a change
in surface tension (σ ). At the remainder of the interface σ

remains unchanged. The convective instability is triggered by
this local perturbation of the uniform absorption.

The surface tension of the LiBr mixture varies with both w
and T , with these dependencies exhibiting opposite directions,
as illustrated in Fig.1(c): increasing with mass fraction and
decreasing with temperature. The slope of the temperature

TABLE I. Physical properties of the LiBr-water mixture with content
of LiBr in mass fractions w0=0.5522 (kg kg−1) at T0 = 303 K. All
data are taken from ref.9. The Prandtl number Pr = ν/α = 19.

Diffusion D [m2/s] 1.430 ·10−9

Thermal diffusivity α [m2/s] 1.235 ·10−7

Thermal conductivity k [W/m K] 4.38 ·10−1

Latent heat H [J/kg] 2.568 ·106

Thermal expansion βT [1/K] 3.645 ·10−4

Solutal expansion βw [1/wt%] −1.109 ·10−2

Dynamic viscosity µ [kg/m s] 3.830 ·10−3

Kinematic viscosity ν [m2/s] 2.358 ·10−6

Density ρ [kg/m3] 1.624 ·103

Gravity g [m/s2] 9.8

Surface tension σ [N/m] 6.00 ·10−2

σw = (∂σ/∂w) [N/m wt] 1.61 ·10−2

σT = (∂σ/∂T ) [N/m K] −2.1 ·10−4

Equilibrium condition: Te = A1 +A2 we = 242.6+145.8 ·we

gradient is higher than that of the mass fraction, thereby con-
trolling the Marangoni flows. The opposite signs of the sur-
face tension gradients with respect to w and T complicate the
understanding of the flow dynamics. The individual contri-
butions of the solutal and thermal Marangoni stresses, which
significantly diminish the net effect because they act in oppo-
site directions can be seen later in Fig. 4(b).

Although the problem is solved in dimensional variables,
it is useful to introduce the thermal (MaT ) and solutal (Mas)
Marangoni numbers, which quantify the strength of the flow

Mas =
|σw|h∗∆w

µ D
, MaT =

|σT |h∗∆T
µ α

, (11)

here h∗ is the characteristic length scale associated with the
interface where the gradients occur. The absorption problem
also depends on the Lewis number (Le), which defines the
ratio of thermal to mass diffusivity, and the Prandtl number,
which relates viscosity to thermal conductivity (Pr). These
numbers remain constant throughout the study:

Le =
α

D
∼ 90, Pr =

ν

α
= 19. (12)

IV. STABLE RIM FORMATION.

As the evolution of the flow is controlled by the temperature
gradient, the generated motion is initially directed towards the
center, which is consistent with experimental observations11
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FIG. 2. The occurrence of a flow pattern in an absorbing binary mixture which bears resemblance with that one observed in the ’coffee-
ring’ phenomenon. The snapshots illustrate the evolution of Marangoni flow and the formation of the rim with radius R. The large blue arrows
indicate the flow direction. Clockwise (counterclockwise) circulation in the vortices is indicated by solid (dashed) curves. Vertical dashed lines
over all snapshots depict the center of the cell (x/L = 0.5) and the radius of stable rim (x/L ∼ 0.58). The left side of the snapshots displays
the distribution of relative surface tension (σ∗ = σ −σ0) along the central part of interface (0.5 ≤ x/L < 0.7) at the same time moments as the
flow pattern. The elevated surface tension shown by arrow at t = 14 explains the pinning effect during Marangoni spreading. In the snapshots
w is represented by colors, with red indicating a lower mass fraction.

FIG. 3. (a) The occurrence of the rim and Marangoni spreading phenomenon characterised by the displacement of the point with zero velocity
(Vx). (b) The distribution of w in height at three horizontal positions: x/L = 0.5,0.57 and 0.9 at t = 16.6 s. The two latter positions are indicated
by arrows and designated with letters p1 and p2 in Fig 5. The blue curve shows that at the cell centre, the LiBr-poor mixture extends deeper.
The graph clearly shows that the mass fraction in the bulk is significantly higher than at the absorbing interface.

in the ground laboratory. In the initial stages, the primary
influencing factor is the Marangoni force, and the presence
or absence of gravity does not yet play a role. The snapshot at
t = 11 s in Fig. 2 illustrates that the capillary flow draws down
the LiBr-poor mixture, while the return flow carries a cooler
mixture rich in LiBr to the interface. Over time, this creates

a region with a reduced surface tension, with the minimum
located outside of perturbed area, at x/L = 0.547, as indicated
by the gray curve at the left part of snapshot at t = 11 s. The
distribution of a relative surface tension shown on the left side



Marangoni-driven patterning 6

FIG. 4. (a) Temperature (T −Tin) distribution along the interface and (insert) the absorbed mass flux at selected times, highlighting the pinning
of the rim and the onset of Marangoni spreading (b) The Marangoni stresses created by the variation in w and T : τw = (∂σ/∂w)(∂w/∂x) (the
dashed curves), τT = (∂σ/∂T )(∂T/∂x) (the dotted curves) and the net stress τ = τw +τT (the solid curves). All graphs indicate that between
14 and 15 s, the Marangoni flow evolves sharply. The grey dashed curves in panel (b) indicate the interruptions in cell length to focus on the
central region, where changes in Marangoni stresses occur.

in Fig. 2 is calculated as follows:

σ
∗ = σ −σ0 = σT (T −Tin)+σw(w−win), (13)

the values of Tin and win are taken at the interface at t = 10 s.
Over time, |σ∗

min| deepens and shifts towards the centre. For
example, the minimum value of σ∗

min at t = 12 s is located at
x/L = 0.547, whereas at t = 14 s it is located at x/L = 0.527.
This shift is accompanied by increasing gradients in the sur-
face tension on either side of the extreme value, which have
different signs, as can be seen from the σ∗ profile at t = 12 s
and later. In response, a second Marangoni vortex emerges
with opposite direction of circulation, as evidenced by region
II in the snapshots at t = 12 s. On a short time scale, the
growing gradients in σ strengthen the Marangoni flow in both
directions. Over time, the vortex with a positive direction of
circulation grows, while the original one with a negative di-
rection of circulation decays, see a snapshot at t = 14 s. Two
opposite vortices destroy the homogeneity of the boundary
layer in terms of mass fraction. As a result, a small plume-like
structure with a lower mass fraction (red colour) is forming at
the center, aligned with the shape of the diminishing vortex.

Of particular interest is the formation of a motionless rim
along the periphery of the growing vortex. The flow pat-
tern with the presence of the rim resembles the spreading of a
drop on a deep liquid layer and the well-known ’coffee-ring’
phenomenon commonly observed in evaporating binary liquid
droplets15–17,27. In their seminal paper on the ’coffee ring’ ef-
fect15, Deegan and co-authors demonstrated that a ring forms
because the contact line of a droplet is pinned, requiring liq-
uid to be drawn from the center to the edge to maintain the
contact line as evaporation proceeds. Here, we observe a sim-
ilarity between that evaporation-driven process and the phe-
nomena occurring during LiBr-water absorption. This is the
first occasion on which this prominent rim formation has been
observed in an absorbing binary mixture.

The rim formation and following Marangoni spreading are
illustrated in Fig. 3(a) as a function of R(t), where R is the
point with zero velocity Vx on the interface. The figure shows
that for several seconds, the flow was constrained in the area
with x/L = R0 ≈ 0.583, due to the pinning of the rim by the
oncoming weak convection. After the initial formation, the
rim slightly retracted between 13.3 s and 14.5 s, a behavior
also seen in drop spreading on a deep liquid layer28. Fig-
ure 3(b) highlights that the variation in mass fraction during
the stable rim existence and its spreading at later times occurs
within a very thin subsurface layer.

Unlike the numerous studies of evaporating droplets, the
formation of the rim in our observations is not directly linked
to the propagation of an initial perturbation. This formation is
associated with the emergence of a capillary wave (with ele-
vated temperature and mass fraction) arising as a secondary
effect of the initial perturbation (see the yellow and green
curves in Fig. 4(a)). The rim formed at a distance from the
disturbed region is characterised by an almost zero velocity.
The net Marangoni stress, shown by the solid green curve in
Fig. 4b, exhibits a small negative value at 0.58 < x < 0.60,
which is responsible for the pinning effect. The combined ef-
fects of absorption, heat release and the equilibrium condition
influence the surface tension and make this phenomenon pos-
sible.

At the interface, temperature and mass fraction are related
by the equilibrium condition. Beneath the interface, heat
transfer occurs at a much faster rate than mass transfer. This
leads to a situation where, at the edge of the growing dominant
vortex, starting from t = 12 s, the surface tension exhibits an
inflection: the small peak and then tiny minimum. The peak is
highlighted by the green arrow on the graph of σ∗ at t = 14 s.
The occurrence of the inflection in the surface tension results
in a weak flow in the direction opposite to the main vortex.
It serves to impede the flow and stabilize the rim. The tem-
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FIG. 5. Temporal evolution of (a) mass fraction (w−win) and (b) velocity Vx along the interface. Recall that win = 0.5014 kg/kg represents
the mass fraction on the interface at t = 10 s. For better clarity, the mass fraction and velocity are shown in the half-cell, given that the flow
is symmetric. The snapshots present two sets of data, displaying the temperature and mass fraction on the left and right sides, respectively.
They illustrate the development of the Marangoni convection at representative time moments. This presentation demonstrates the similarity of
T and w in the vicinity of the interface, where they are related by equilibrium condition. The snapshot at t = 20 s illustrates the formation of
an area with low w near the side wall, which will later serve the role of perturbation similar to the initial one. The dashed level lines indicate
the counterclockwise circulation of the vortices. The lines p1 and p2 indicate the coordinates at which the vertical distribution of w is shown
in Fig. 3(b)

perature profile and absorbed mass flux at t = 14 s shown in
Fig. 4(a) (the green curves) further illustrate the pinning ef-
fect.

V. SPREADING DYNAMICS.

Until t = 15 s, the absorption behaviour around the peak
value is smooth, without skips. A marked increase in the
absorption between 14 s and 15 s leads to a sharp rise in
Marangoni stress, as illustrated in Fig. 4. At this time, the
absorption profile as well as Marangoni stresses, exhibits an

inhomogeneous pattern, indicating spatially variable surface
tension. This acts as a precursor to the new phenomenon. The
Marangoni numbers, which have opposite signs, at t = 14s
were |Mas|= 140 and |MaT |= 230, but increased by almost 5
times at t = 15s. The shear stress at t = 15 s is enough power-
ful to create a flow that overcomes the pinning and Marangoni
spreading starts. The velocity of the advancing rim demon-
strates a gradual increase and subsequent decrease over time,
as evidenced by the successive peaks of Vx in Fig 5(b) and at
t = 18 s it reaches the wall.

From the perspective of the LiBr/water binary mixture, this
spreading can be considered as the propagation of a wave over
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FIG. 6. The flow field and mass fraction at representative time moments. The pattern at t = 22 s represents the results of flow development
when the side wall region with low w plays a role analogous to the initial disturbance. The pattern at t = 30 s shows the main plumes. The
pattern at t = 35 s demonstrates the symmetry breaking.

the interface with an increased temperature as well as mass
fraction shown by snapshots in Fig 5. In the bulk flow, the
dominant vortex rapidly enlarges. At the subsurface, the ini-
tial wave is followed by the formation of a region with low-
ered w (a prototype of a finger/plume), as depicted by "p1"
(x/L = 0.58) in the snapshot at t = 16.6 s. While the primary
wave continues to spread towards the wall, the newly-formed
eddy associated with the plume retracts, thinning the concen-
tration boundary layer behind it. If the mixture at the inter-
face differed from the mixture in the pool, a rupture of the
film could occur. Thus, this type of instability exhibits sim-
ilarities to the previously observed Marangoni bursting of an
evaporating droplet28–31.

The mass fraction and velocity profiles at successive times
(15 s ≤ t ≤ 18 s) in Fig 5 (a)-(b) further clarify the devel-
opment of instability. The retracting eddy is accompanied
by the formation of a plume with a reduced mass fraction,
which appears as a minimum on the brown curve in Fig. 5(a)
at x/L = 0.58. The velocity of the retracting plume is less
than that of the primary wave, as evidenced by the peaks with
negative and positive velocity, highlighted by arrows near the
brown curve in panel (b).

The motion towards the center speeds up, as shown by the
comparison of the peaks in negative velocity at t = 16 s and
t = 17 s. This acceleration brings a more concentrated mixture
from the subsurface, leading to the formation of a w peak later,
see green curve in panel (a). At the moment when the primary
wave reaches the wall, this plume collapses with what was
in the center and forms a large columnar-shaped plume, see
snapshot at t = 18 s. The velocity in the central region almost
fades and remains at this reduced level for a while, as seen

in snapshot at t = 20 s. The wall vortex continues to transport
the lower w towards the wall in the subsurface, resulting in the
formation of a region with a LiBr-poor mixture that thickens
and detaches from the wall with depth. Over time, the position
of this region remains static.

Recall that the reddish colour in the all snapshots of mass
fraction corresponds to w low value. In order to maintain con-
sistency throughout our discussion, let us return to Fig. 3(b),
which shows the distribution of w in height at three horizontal
positions at t = 16.6 s (identical in time to Fig. 5 top snap-
shot). This figure, using an enlarged scale, demonstrates that
w exhibits significant variation in a thin surface layer affected
by absorption. However, due to resolution limitations, this
change is not visible in the snapshots. The green curve, rep-
resenting (w−win) profile in the undisturbed part of the cell
at position p2 : (x/L = 0.9), exhibits a nearly zero value at the
interface. The small variation of the w is associated with a
continuous and uniform absorption. In contrast, the blue and
red curves, which traverse the plumes, are nearly identical at
the interface and exhibit a significantly higher value than the
green curve, with a difference of ∆w = 17 · 10−3kg/kg. This
difference is seen in Fig. 5(a) when we discuss the elevated
mass fraction. Furthermore, the blue curve shows that, at the
center of the cell, the region with a LiBr-poor mixture extends
to a considerable depth, thus illustrating the amplitude of the
plume.
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FIG. 7. The space-time maps for (a) the interface velocity (absolute value) and (b) mass fraction w at g=0. (c) The map of w when g = 9.8m/s2.
The maps at g = 0 exhibit a strongly non-stationary picture while weakly oscillating stationary patterns can be seen at g = 9.8m/s2.

VI. OSCILLATORY INSTABILITY AND SYMMETRY
BREAKING

After an area with a distinct low value of mass fraction
forms near the side wall (t = 20 s in Fig. 5), it plays a role
similar to the initial perturbation at the center, though in the
opposite direction. The evolution of the flow pattern mirrors
the one depicted in the snapshot at t = 12s in Fig. 2 but in
the reverse direction. On the periphery of an existing vor-
tex with a positive direction of circulation, a region with ele-
vated surface tension forms around x/L ∼ 0.8, giving rise to
a vortex with opposite circulation. The newly formed vortex
rapidly expands and eventually occupies the entire space, as
illustrated by the snapshot at t = 22 s in Fig. 6.

From this time on, the fragmentation of larger vortices into
smaller ones begins, followed by their subsequent merging,
which leads to the formation of three to seven finger-like
plumes as illustrated by snapshots in Fig. 6. The dynamics
of Marangoni flow is controlled by the continuous change in
the surface tension of the LiBr/water mixture due to the non-
uniform absorption. This phenomenon is characterized by
non-periodic oscillatory instability. The central plume, which
is mostly static, is columnar in shape, exhibiting a somewhat
narrow isthmus and an elongated form as it descends into the
LiBr mixture. Two of the plumes are situated close to the side
walls, while the remaining ones are in continuous motion, un-
dergoing a process of merging and splitting, as illustrated in
Fig. 6. These intermediate mobile plumes undergo a contin-
uous change in shape, evolving from a symmetric to an in-
clined columnar configuration with a one-sided tail, as seen
in the snapshot at 30 s. At some moments (not shown), they
take on the shape of an elongated lens, occupying almost the
entire subsurface. The repetitive increase and decrease in the
surface mass fraction/temperature leads to the displacement
of plumes through an imbalance in surface tensions. Starting
from 29 s, the symmetry of the flow is broken, and the differ-
ent plumes take on various shapes in terms of height, width,
and inclination, as illustrated in the snapshot at 35 s.

The conditions under which the behavior described above

is observed can be summarised as follows: non-homogeneous
absorption in a binary mixture, considerable Marangoni
stresses, and a freely moving regions with an essential change
in w. It is possible that the term "plume" is not an accurate
description of these regions of lower w. For example, in the
presence of gravity1, such plumes (regions with lower w) ex-
hibited a clear mushroom-shape.

VII. OVERVIEW AND COMPARISON WITH GRAVITY
CASE.

The non-linear behaviour of the system is outlined by the
phase plane trajectories at different time intervals in Fig..

Figure 7 summarises, using space-time maps, the various
time regimes in which an interface responds to the action of
absorption and Marangoni convection. The observed regimes,
most of which are described above, are separated by white
dashes on the space-time velocity map in panel (a). While we
only show the regime separation on the velocity map, the dis-
cussion extends the same regimes to the mass fraction map in
panel (b). In the first regime, the arrow from the right side in-
dicates the radius of a stable rim at the end of its existence. In
the second regime, the light blue colour on the velocity map
indicates fast Marangoni spreading. A careful examination of
the mass fraction map in this regime shows that w has deep
local minima in some regions, suggesting a potential analogy
with film rupture when a drop spreads on an oil bath 29. As we
consider the spreading of the wave with increased w over the
same mixture, only a thinning and disruption of the bound-
ary layer in w can be observed. Regime III is characterized
by the development of non-periodic oscillations, ending with
the breaking of symmetry. The evolution of non-stationary
patterns is characteristic of Stage IV, which is easier to fol-
low in the mass fraction map. In this regime, localized ob-
jects (quadrangles or small regions where "plumes" move and
change shape, outlined by thin red lines) form within the re-
gion and move to the left and right, colliding with each other
and disappearing at the boundaries. The states on both sides
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of the red line are of the same nature, creating "breathing" and
oscillating cells. These quadrangles are fairly regular, with a
tendency for the number of thin red lines to decrease over time
and for cell coarsening to occur.

In contrast to the case of g = 0 with non-stationary pat-
terns, the time-space map at g = 9.8 m/s2 in panel (c) shows
stationary, weakly oscillating patterns. The presence of
buoyancy-driven forces produces a strong counterbalance to
the Marangoni flow, generally reducing the interface veloc-
ity1. Consequently, gravity influences the ordering of patterns,
establishing both temporal and spatial periodicity in the sys-
tem. The central part of the time-space map at g = 9.8 m/s2

is occupied by vertical bands associated with plumes, which
exhibit minimal changes over time, while a periodic structure
is established near the wall with an almost constant period.
Such a strong effect of gravity on the absorption dynamics
can be explained by the relatively weak Marangoni stresses,
since the thermal and solutal Marangoni stresses have oppo-
site signs and reduce the net effect.

All the patterns, with or without gravity, exhibit the
absorption-limited nature of the instability, illustrating the
gradual loss of energy over time.

VIII. CONCLUSION

We have investigated the convective instability in a LiBr-
water binary mixture using numerical simulations, initiated
by a local perturbation of uniform absorption at the cell cen-
ter. The decrease in mass fraction triggered solutal convec-
tion, which subsequently led to a local temperature change
and induced thermal Marangoni convection. To isolate and
gain a deeper understanding of the interaction between the
Marangoni effect and absorption, we examined the behavior
of the LiBr-water binary system in a microgravity environ-
ment.

For the first time, we observed the formation of a stable
rim in an absorbing binary mixture, where the flow pattern re-
sembles the dynamics of an evaporating droplet on a substrate
or a deep liquid layer. Additionally, we noted a slight con-
traction of this rim, followed by rapid Marangoni spreading.
This suggest a similarity between the Marangoni effect during
evaporation and LiBr absorption.

However, in the finite-length geometry of our cell, this sim-
ilarity with evaporating binary mixtures in extended systems
ceases when the advancing rim reaches the side walls. We
then observe a breakdown of symmetry around the center of
the cell, followed by non-periodic oscillations. At late times,
the cell is occupied by growing in size non-stationary, al-
though regular, patterns.

The presence of buoyancy-driven forces introduces a com-
peting effect against the Marangoni flow, altering the absorp-
tion dynamics. We hope that our study will contribute to a
better understanding of the observations made in experiments
with surfactants, where the Marangoni effect strongly domi-
nates over buoyancy.
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