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Ditfusion-triggered convection can occur in a gravitationally stable system of two superimposed mixtures.
As instability develops, two distinct patterns may emerge: double-diffusive (DD) or diffusion-layer convection
(DLC). Traditionally, nonsymmetric patterns above and below the interface were thought to require chemical

reaction. We show that symmetry can be broken by composition-dependent diffusion, with or without cross
diffusion. Furthermore, only the composition-dependent cross diffusion can lead to a range of coexisting patterns

and provide new insights into staircase instability.
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Hydrodynamic instability of miscible interfaces arises in
various applications where two fluids come into contact. In
diffusive multicomponent mixtures, even in gravitationally
stable systems, instability can be triggered by opposing con-
tributions to the density profile. Common examples of such
contributions can be temperature and concentration [1], differ-
ent diffusion rates of two species [2,3], or chemical reactions
that alter the density of the solution [4-7].

If the lower (denser) fluid diffuses faster than the upper
(less dense), the instability occurs in the form of double-
diffusive fingering (DD) [3], or if the upper diffuses faster than
the lower, then instability emerges in the form of diffusive-
layer convection (DLC) also called overstability [8]. It has
been widely assumed that in nonreactive miscible fluids, con-
vective patterns develop symmetrically above and below the
initial contact line, and only the presence of a chemical reac-
tion is capable of breaking this symmetry [6,9,10]. Although
symmetric patterns are central to double-diffusion phenom-
ena, this assumption is challenged in certain cases, and recent
studies on mixtures with composition-dependent coefficients
[11] and/or ternary mixtures with cross diffusion lead to more
complex flow organization [12,13]. A complex spatiotemporal
evolution of composition can then set in due to the highly
nonlinear nature of the underlying dynamics.
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In this Letter, we address the conditions under which the
main and cross diffusion coefficients in a ternary mixture
can result in non-symmetric convective instability patterns on
either side of an initially stable interface. The system consists
of two layers of the same ternary mixture but with different
compositions, where mutual diffusion generates a transient
concentration gradient. We have developed a theoretical and
numerical model to predict and follow the evolution of these
instabilities. We demonstrate that when the main or cross
diffusion coefficients (or both) are composition dependent,
instabilities such as double diffusion (DD) or diffusion layer
convection (DLC) can emerge asymmetrically on either side
of the interface—an outcome previously thought to be exclu-
sive to systems involving chemical reactions. In the ternary
system, they can coexist, and their coexistence can give rise
to multilayered structures resembling thermohaline staircases
in the ocean [14]. Furthermore, we reveal the transient nature
of the buoyancy-driven instability, where a system initially in
a stable region may temporarily intersect the stability bound-
ary and trigger DD or DLC instability. We explain how, by
incorporating composition-dependent cross diffusion, both its
value and spatial profile can be used to control the location
and amplitude of convective motion.

To gain insight into these previously unexplored phenom-
ena, we consider a ternary mixture with mass fraction of
components i by ¢; (i =1,2), (¢ + ¢z + c3 = 1). Although
the correct notation for mass fraction is w, we use ¢ for reader
convenience, as is common in fluid dynamics. The species
occupy a cell of size L, x Ly, where the y axis is vertical and
g = (0, —g). At the initial time of contact, t = 0, the mixtures
are separated by a sharp boundary at y = yy, and the density
profile between the two layers of solutions follows a step
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FIG. 1. Intriguing instabilities in a ternary mixture triggered by oscillating cross diffusion with Dy, = 0.55sin(500 ¢,), while the other
coefficients are constant Dy; = 1.1, Dy; = 0, Dy, = 1.0 where D;; = D;;/Dy and Dy = 10~°m?/s. (a) The density profile at¢ = 500 s indicates
the emergence of seven layers of distinct instability patterns in the central part. The red arrow suggests a potential DLC instability at the bottom.
(b), (c) The 2D density field at + = 800s and its magnification highlight the multilayer instability in the form of fingers. (d) The emergence
of DLC near the top and bottom limits the expansion of the multilayer fingering instability. (¢) The space-time map along the central vertical
line confirms that the DLC patterns constrain the multilayer finger system at later times. The initial composition of the bulk mixtures and the

associated D;; values are taken from the rectangle in Fig. 3.

function. The initial species compositions are ¢} (t = 0) = ¢},
when y > yp, and ¢(t = 0) = ¢ when y < yo. The density
of the mixture, p, is a linear function of the mass fractions

p = pr[l + Bei(er — c1r) + Bealca — c20)], (D

where B, = (1/p)(@p/9¢i)|c,. and ci = (cfy + cl.bo)/Z and
pr = (ph + pg) /2 are the reference values. No-slip velocity
and impermeability conditions for species are imposed on all
boundaries. The spatiotemporal dynamics of this system is
described by the Navier-Stokes and mass transfer equations in
the Boussinesq approximation [15]:

divV =0, 2)
3‘7 = = 1 AR IS
¥+V.VV=_—Vp+vAV+gp, 3)
Pr
dc —
8_11+V.VC1 =V .-(D11Ver)) + V- (DpVer), 4)
3C2 =
o +V Ve, =V - (Dy1Vey) + V- (DpVe). (®)]

Here V is the velocity, p is the difference between total
and hydrodynamic pressure, v is the kinematic viscosity, and
p* = p — p,. Hereafter, the notations D;; and D;; will be used
for the full set and the main terms of the diffusion matrix,
respectively.

To illustrate the powerful role of cross diffusion in gov-
erning instabilities, we first examine the thought-provoking
scenario in which the cross diffusion coefficient D, is set
to zero, while Dy, is periodic, exhibiting seven oscillations
with constant amplitude around zero value. The initial density
distribution follows a step function. Nonlinear simulations
of Egs. (2)—(5) reveal that, over time, the diffusive system
develops seven layers of fingering instabilities contained by
DLC from the bottom, as illustrated in Fig. 1. Interestingly,
since the fingers develop faster than the DLC, the DD in-
stability begins at the bottom from the preceding layer. The
formation of large fingers at the leading edges in the upper
and lower regions, along with a set of smaller ones between
them, is illustrated by the 2D density fields in panels (b)
and (c) at + = 800s. At the later times, the DLC instability
emerges and takes over at the top and bottom, while the

multilayered finger structure in the center remains active. The
last panel (e) presents a space-time map along the vertical
line at x/L, = 0.5, highlighting the evolution of the steplike
fingering system. It also illustrates that the multilayers are
spatially constrained by the DLC from both sides until the
end of the observation. Given that diffusion coefficients de-
pend on temperature and composition, this scenario is not
entirely theoretical as it will be shown later. We suggest that
such multilayer instability may resemble thermohaline stair-
cases in oceans, which are characterized by steplike structures
observed in vertical temperature and salinity profiles [14].
Somewhat similar effects might occur in biological systems
involving nutrient and oxygen transport and in the Earth’s
mantle, where variations in chemical diffusion lead to layered
convection.

To predict the sensitivity of instability patterns to variations
of D;;, we have developed an analytical solution in the case of
constant diffusion coefficients (cf. the Supplemental Material
[16]). The output of this solution defines the system stability,
which can be classified into four categories: unstable, in the
form of Rayleigh-Taylor instability, i.e., dp/dz > 0, stable,
DD, and DLC. The neutral stability curve, separating the
unstable region from the others, is determined without solving
the diffusion equations as

Ap = Acifer + Aczfer = 0. (6)

The conditions to occur the finger instability (DD) and DLC,
respectively, are determined as

Apy (D2 Di| — D13D51) + Dy — %DZI
~ Ap - B ’
P v (D2Dii = DiaDay) + Diy — Do

)

A 2D, — 2Dy =2 D
13 8 2D 1 (B2/B1)D2 @®)

~ Apy 7 2Dy — 2Dy +2(B1/B2)D1y

Here Dy, D, are the eigenvalues of the diffusion matrix. The
division by Ap; or Ap; is interchangeable.

These inequalities can be applied to a system where the
diffusion coefficients D;; are constant within each layer but
differ between the top and bottom layers, representing dif-
ferent compositions of a ternary mixture. Thus, they enable
tracking how the instability type changes with composition.
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FIG. 2. A shift in the location of instability regions in the (Ac;, Ac,) plane [equivalent to the (Ap;, Ap,) plane] with variation in the
diffusion coefficient difference: (a), (b) Dy, > Dy, and (¢), (d) Dy, < Dy;. Here cross diffusion is neglected, 8.; = B.;. Each of the two lines
bounding the region of DD or DLC instability regions is determined by one of the two inequalities in Eqs. (7) or (8), respectively.

By selecting different initial compositions on either side of
the initial contact line and associating them with the corre-
sponding diffusion coefficients, the above expressions allow
us to construct a stability map (as in Fig. 2). It is impor-
tant to note that these stability maps may differ between the
top and bottom layers due to the different diffusion coeffi-
cients, potentially resulting in DD (DLC) in the top layer and
DLC (DD) in the bottom. This leads to the conclusion that
composition-dependent D;; inherently breaks the symmetry
of patterns relative to the initial contact line. However, when
D;; are equal in both layers, the patterns are symmetric, as
previously discussed in the literature [9,10].

To further investigate the emergence and shift of vari-
ous instabilities with composition, we temporarily omit cross
diffusion and assume B.; = B.. In this case, the exchange
of instability types depends on whether Dy or D,, is larger.
Figure 2 shows how the location of the instabilities shifts as
the ratio D /D5, changes, focusing independently on the top
(bottom) layer. As the ratio approaches unity, the region where
fingering occurs shrinks [compare panels (a) and (b)]. When
Dy exceeds Dy,, the fingering region reappears but in a dif-
ferent plane [panels (c) and (d)]. The DLC forms when either
Acy or Ac; is zero, indicating the absence of concentration
gradients across the interface.

The inclusion of cross diffusion with constant coefficients
does not fundamentally alter the overall structure of the stabil-
ity map; however, it significantly affects the parameter space
where instabilities arise. Cross diffusion can expand or con-
tract these instability regions and swap the locations of DD
and DLC patterns. Stability exchange typically occurs when
the sign of one of the cross diffusion coefficients changes,
though this is not always the case. The exchange tends to
occur more consistently when the other cross diffusion coeffi-
cient is close to zero.

To sum up, the discussion above suggests that the instabil-
ity is inherently transient. Even small variations in diffusion
properties can cause the system to cross stability boundaries,
triggering instabilities that might not have been anticipated
under the initial state.

Now we turn to the analysis of a real ternary mix-
ture, considering two layers of the toluene (T)-methanol
(M)-cyclohexane (Ch) mixture with slightly different com-
positions. The thermophysical properties of the mixture have
been studied in both ground-based and orbital laboratories
and have revealed that, for some range compositions, the

cross diffusion coefficient can be three times larger than one
of the main diffusion coefficients [24-28].

Moreover, at certain locations on the Gibbs triangle, even
small changes in composition cause significant variations in
both cross diffusion terms and even change their signs. It is
the region that attracts our attention here. The composition
dependence of all diffusion coefficients on ¢, was taken from
the experiment [24,25] in the region, where the effect of ¢; is
negligible, see Fig. 3(a).

Nonlinear simulations with variable during the diffusion
process D;j(c), cf. Fig. 3(b), reveals the emergence of previ-
ously unreported, diverse, nonsymmetric instability patterns
at the top and bottom layers, indicative of the complex be-
havior introduced by the composition-dependent diffusion.
To demonstrate its critical impact, we have selected three
distinct scenarios for further discussion; cf. Fig. 4. First, we

01 02 03 04 05 06 07 08 09 10
Tol

0.0

25 o~ .
—D11
20 ) ~
2 15 | o / —D12
o
H
E 10 2 = —D21
o ; o < ~
ol B dg AT
a L
0.0 /l |
0-5 Y Y A
0 0.02 0.04 0.06 0.08 0.1
c; (kgkg)

FIG. 3. (a) cross diffusion coefficient Dy, of the (T)-(M)-(Ch)
mixture on the Gibbs triangle. The dots mark the compositions where
all D;; coefficients were measured [24,25]. The compositions of
the mixture are given in [kg/kg]. (b) The dependence of D;; on ¢,
within the small rectangle above. The vertical lines of the same color
represent the initial ¢, and corresponding D;; values at the top and
bottom layer for the cases discussed in Fig. 4.
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FIG. 4. Dynamic behavior of the Tol-Meth-Ch system with constant across the layer and composition-dependent diffusion coefficients.
Panels (a) and (b) show the predicted instability patterns based on Egs. (7) and (8) for constant D;; within each layer; (c) shows the density
profiles at t = 200s, while (d) illustrates the spatiotemporal evolution of 2D density fields in systems where D;; varies during the diffusion

process as shown in Fig. 3.

construct stability maps for both layers (top and bottom) based
on Egs. (7) and (8), for the (T)-(M)-(Ch) mixture, shown in
panels (a) and (b). They predict instabilities when diffusion
coefficients are constant across a layer but differ between the
top and bottom layers. Such predictions are useful in practice
when the D;;(c) values are poorly known. The crosses indicate
the initial concentration field (Ac; and Acy), serving as a key
reference for the scenarios under discussion.

According to the predictions, in scenario 1, if D;; remains
constant, finger instability is expected at the top layer, while
DLC occurs at the bottom. At t = 200s (Fig. 4), the density
profile shows that introducing variable diffusion coefficients
does not alter these predictions. In the top layer, nonlinear
dynamics reveal the formation of regular upward fingers, each
featuring a mushroom head, which propagate with a con-
stant wavelength without generating new fingers along the
boundary until # = 800s. Below the contact line, where Dy,
is initially large [cf. Fig. 3(b)], a depletion zone develops
as toluene diffuses outward without being replaced by the
slower-moving methanol from the top. Over time, the DLC
convective pattern establishes in the lower region, preventing
the fingers from extending beneath the contact line. As pre-
dicted by our maps of stability, the instabilities differ above
and below the initial interface, demonstrating the coexistence
of different instability types and the breaking of symmetry
around the interfacial point.

In scenario 2, the system starts in the DLC region at the top,
while the bottom remains in a stable region where the insta-
bility threshold is extremely narrow for the initial composition
at the bottom (¢, = 0.047). The system is highly sensitive to
small variations in c¢,: for ¢; = 0.04, DLC occurs; at 0.047,
the system is stable; at 0.05, finger instability emerges; and
beyond 0.07, DLC reappears; see Movie 1. As diffusion be-
gins, the ¢, value at 0.047 shifts to 0.05, causing the system
to cross the stability boundary into the DD region. The 2D
density maps reveal sinking fingers developing downward,

while their flat-tipped bases move upward, split, and generate
new sinking fingers at + ~ 800s. DLC sets in more slowly,
emerging at t ~ 1000s once the fingers have occupied most
of the cell. The stability map initially shows a stable bottom
region but also reveals the system’s temporal behavior during
diffusion, predicting the formation of fingers, see Movie 1.
If diffusion coefficients remained constant during mixing, the
fingers would not form, as the stability map would be static.

In scenario 3, both the top and bottom layers start in the
DLC region. Nevertheless, the system crosses the stability
boundary, and fingers form across the initial contact line.
These fingers propagate downward with mushroom-shaped
heads and upward as flat-tipped fingers, which split around
t = 600s. DLC then dominates at the top, preventing further
upward spread of the fingers. At the bottom, the predicted
DLC convection is significantly delayed. This delay is due
to the profile of Di,(c;), which approaches zero, slowing
the diffusion of toluene, which is present in excess at the
bottom. Eventually, a three-layer system forms, where the
central finger zone is confined by DLC zones above and
below, highlighting the dynamic interplay between diffusion
and convection, see Movie 2. This scenario, observed in real
ternary mixture, closely resembles the multilayered instabil-
ity discussed above. Note that prediction based on constant
diffusion coefficients entirely misses the formation of the
DLC-DD-DLC triple layer, which is observed for the first time
in the literature.

The emergence of nonsymmetric instability patterns in the
top and bottom layers challenges long-held assumptions about
symmetry in nonreactive systems. Previously considered
mutually exclusive, different instability types can occur si-
multaneously. Beyond symmetry breaking, this study reveals
several unobserved phenomena arising from composition-
dependent diffusion, cross diffusion, or both. These include
the transient nature of double-diffusion instabilities and the
simultaneous presence of three instability types. Moreover,
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diffusion-convection interactions in multicomponent mixtures
can generate and sustain complex, multilayered instability
patterns, highlighting the profound role of cross diffusion
effects. Scenario 3 reveals that diffusion itself can regulate the
timing of convection, providing key insights into the transient
behavior of such systems. These findings deepen our under-
standing of instabilities in multicomponent systems and open
possibilities for practical applications.
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