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When solutions of reactants A and B are stratified in a gravitational field and a
second-order reaction A + B — C generates the product C at the miscible interface,
buoyancy-driven mixing between solutions can be affected by the reaction. To study this
effect, we analyze how the reaction impacts density profiles. We compare theoretical
predictions of convective scenarios based on these reaction-diffusion density profiles with
nonlinear simulations of the incompressible Navier-Stokes equations coupled to reaction-
diffusion-convection equations for the concentration of species A, B, and C. We analyze
the dynamics in the parameter space (Rp, Rc), where Rz and R¢ represent the relative
contributions of species B and C to the density of the bulk fluid compared to that of reactant
A. We examine how varying R and R¢ influence key flow characteristics, including the
onset time of instability, the evolution of the reaction front, the mixing intensity, and
the overall reaction yield. We find that the reaction can trigger convection in an initially
statically stable stratification and intensify mixing in Rayleigh-Taylor unstable cases.
Moreover, the reaction can influence the directionality of fingers and plumes depending
on the relative contribution of the product to density compared to that of the reactants.

DOI: 10.1103/ftwg-yjxd

I. INTRODUCTION

Mixing of reactive fluids is fundamental to diverse processes, including combustion [1-5],
enhanced oil recovery [6], CO, storage [7-9], thermonuclear burning [10], and wastewater treatment
[11-15], for instance. In some applications, such as industrial manufacturing (e.g., in interface-
driven catalysis, layer-based chemical processing [11]), and geologically confined systems (e.g.,
in carbonate dissolution or mineral precipitation [8,15]), reacting solutions A and B may initially
be spatially separated before a reaction occurs. In such a setting, when reactants have different
diffusion coefficients [16], or external forces like buoyancy act at the interface, the interface can
deform into fingering instabilities [17-19]. At the deformed interface, a sustained reaction zone is
created, where reactants mix dynamically, influencing reaction rates and spatial propagation [11,20-
25]. Controlling the evolution of such reaction zones by considering the physical properties of the
reactants and products makes it possible to optimize solutions intermingling and reaction yield over
time.
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For two-dimensional (2D) rectilinear reaction-diffusion (RD) systems without convective flows,
where initially segregated reagents follow an A + B — C reaction and diffuse across the contact
zone, Galfi and Récz [26] quantitatively described the reaction front’s properties. Their findings
indicate that the position of the reaction front evolves in time ¢ in proportion to t%, while its
width expands as 5. Additionally, the reaction rate at the center of the reaction front follows
at3 scaling law. Although RD reaction fronts may deviate from these fundamental scalings in
specific geometries, such as radial domains [27-30] or finite systems [31], they remain analytically
tractable. In contrast, predicting properties of the reaction fronts in reaction-diffusion-convection
(RDC) dynamics, where convective motions interact with RD processes, is significantly more
challenging as convective instabilities lead to complex patterns [17-19,32]. Notably, chemical
reactions at planar interfaces have been observed to transform symmetric convective instabilities
in otherwise nonreactive setups into asymmetric convective structures [12,13,21,22,24,33,34] or
generate evolving chemohydrodynamic patterns [8,24]. The complexity of the flow pattern arises
from the highly nonlinear feedback between reaction-diffusion mechanisms and fluid flows, making
RDC systems inherently more challenging to analyze [35—40].

Horizontally stratified miscible solutions (i.e., solutions A and B initially separated by a vertical
interface) have been studied with the flow governed by the incompressible Stokes equation coupled
with a simple A + B — C reaction in a closed system. 2D numerical simulations revealed that
monotonic density profiles result in the formation of a single vortex, whereas nonmonotonic density
profiles generate two vortices in a convection-dominated regime [37]. Moreover, if the densities
of reactants A, B, and product C are not identical, buoyancy-driven convection induces a global
movement of the reaction front towards the region with the smallest density gradient [37]. If the
reaction vessel is open to air at the top and no evaporation occurs at the nondeformable air-liquid
boundary, spatiotemporal oscillations can result from surface tension variations induced by the
product C, leading to Marangoni-driven flows that interact with reaction-diffusion dynamics [41].
Buoyancy-driven convection plays a crucial role in sustaining or suppressing oscillations depending
on the relative influence of buoyancy and surface tension forces [42,43].

In vertically stratified systems where the solution of species A overlies that of species B in the
gravity field, the reaction A + B — C has been shown to induce asymmetric fingering patterns
in porous media flows or Hele-Shaw cells [12,13,22-25,34,44,45]. Asymmetric convective struc-
tures arise as the reaction dynamically modifies the density profile, which in turn influences the
spatial and temporal evolution of hydrodynamic instabilities. In some cases, the reaction can also
induce a secondary instability between the reaction product and one of the reactants, further altering
the flow structure [24]. Differences in the diffusivities of the reactants and the product influence the
onset and development of buoyancy-driven instabilities in such stratified porous systems [23]. Since
the impact of flows on RDC dynamics depends strongly on the governing hydrodynamic equations,
such as Darcy’s law [8,12,13,22,24,35], Stokes equation [36-38], or the full Navier-Stokes equa-
tions [21,39,40,45], it is of interest to explore reactive mixing and instability development around
vertical stratifications within the Navier-Stokes regime.

To do so, we investigate the mixing and reaction dynamics in a vertically layered system of
reacting solutions containing species A and B, focusing on buoyancy-driven instabilities described
by Navier-Stokes equation in the presence of an A + B — C reaction affecting the density locally.
Our analysis is carried out within the parameter space (Rg, Rc), representative of the respective
contributions to the bulk density of species B and C relative to A. With the assumption that
all chemical species diffuse at the same rate, we examine how variations in the density of the
product C influence the onset of convection, the mixing dynamics, and its intensity, starting from
a hydrodynamically stable system, where a less dense reactant solution lies above a denser one, or
from cases where two isodense reactant solutions are initially put in contact. We further explore
how the reaction can enhance instabilities starting from an already hydrodynamically unstable
stratification, depending on the density of the generated product. In all cases, we characterize the
evolution of the convective deformation of the reaction zones and quantify the intensity of mixing
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FIG. 1. Sketch of the problem illustrating the formation of a product C by an A + B — C reaction in the
contact zone between initially segregated solutions of reactants A and B.

at different temporal stages. Finally, we briefly compare the flow features observed in our system
with those found in previous studies on porous media flows [22], which involved similar vertical
stratification.

The mixing problem and the numerical model are outlined in Sec. II. In Sec. II C, we present key
reaction front properties, including the production rate and the reaction front’s position and width. In
Sec. III, we analyze how buoyancy-driven mixing in bulk flows affects these properties and perform
a parametric analysis of the average product yield. In Sec. III, we also explain the mixing dynamics
through the evolution of the kinetic energy and the scalar dissipation rate of a conserved reaction
component.

II. REACTION-DIFFUSION-CONVECTION MODEL

We consider the destabilization of an initially horizontal interface between a solution of A in
initial concentration A stratified over a miscible solution of B in the same initial concentration Ag.
An A + B — C chemical reaction produces C in situ in the contact zone between reactants (Fig. 1).
Assuming that the reactive fluids are incompressible and buoyancy effects drive convection, the
dimensional reaction-diffusion-convection model reads

B

p(a—'; +u~Vu) = —VP + uV?u + pg, 1)
V-u=0, )

dA 5
§+u-VA=DAVA—kAB, (3)

OB 5
W—i—u-VB:DBVB—kAB, 4)

aC )
p = po(1 + asA + apB + acC), (6)
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where p denotes the bulk density of the reactive solution and y the dynamic viscosity of the solvent.
Species A, B, and C have associated solutal expansion coefficients given by oy = % g—z, ap =
pio g—g, and o¢c = # g—g, where p is the density of the solvent. The diffusion coefficients of species
A, B, and C are denoted by D4, Dg, and D¢, respectively, while k is the kinetic constant. The velocity

field of the fluid is represented by u, the pressure by P, and the gravitational acceleration by g.

A. Boussinesq approximation and nondimensionalization

We employ the Boussinesq approximation and assume that density variations are small and only
significant in the buoyancy term. Under this assumption, p on the left-hand side of Eq. (1) is replaced
with the constant reference density pg, while density variations p = p — pg are retained only in the
buoyancy term on the right-hand side. The hydrostatic component of the pressure is absorbed into
the modified pressure, P = P — ppg. In line with previous studies [46], we define the hydrodynamic
length L;, time Tj,, velocity Uy, pressure Py, and the reaction time 7, based on the kinematic viscosity
v = u/po and the initial concentration Ay of species A, as follows:

1)2 1/3
L, = , 7
" (gOlAA0> 2
1/3 2
L
hi=(—s) == (8)
(gaafo)? v
Up = (vgaado)'? = —, ©)
Ly
Py = po(vgaado)?? = poUy, (10)
1
= e (11)

Then, the nondimensional spatial coordinates, time, velocity, pressure, and density variation are
defined as
p 3 _
X =—, t=_1 u=—, P/z—’ plzﬁ:p po‘ (12)
P, Lo PoQoAg

Species concentrations are nondimensionalized by Ay.
Dropping the prime notation for clarity, Eqs. (1)—(6) in dimensionless form become

0
8—‘; Yu-Vu=—VP+ V2u— (A+RgB+ Ry, (13)
V.-u=0, (14)
4 w.VA= VA DB (15)
——+u-VA=—V'A—-D,AB,
at Sc
oB )
— +u-VB=-2V2B—D,AB, (16)
ot Sc
aC 8¢,
—+u-VC=_—-V°C+ D,AB, 17)
ot Sc
0 =A+RB+RcC, (13)
where y is the upward pointing unit vector, D, = % is the Damkohler number, Sc = DLA is the

Schmidt number, and the dimensionless parameters Rp = z—‘:, Rc = Z_Z op = g—j, and §¢c = g—i.

The parameters Rz or R, quantify the relative contribution of B or C to the density compared
to that of A. Since the reactant A is initially stratified above B, the case Rp < 1 corresponds
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to an initially Rayleigh-Taylor (RT) unstable configuration, Rz > 1 describes an initially stable
stratification, while Rg = 1 corresponds to an initially isodense setup. In the present study, we
consider R¢ € [0, 4]. Restricting both Rp and R to positive values amounts to considering systems
in which all species (A, B, and C) increase the fluid density, i.e., o4, ap, @¢c > 0. This regime is
representative of many reactive systems, such as some acid-base reactions [12,13,22,34], fluorescent
reactions [47], or reactive CO, dissolution in brines [48—50], where solutal expansion coefficients
are typically positive. It also allows us to isolate the effect of the relative magnitude of the density
contributions of B and C, without introducing the additional complexities associated with species
that decrease density («; < 0), such as some organic solutes [50] which lead to qualitatively different
convection regimes [51].

The Schmidt number, Sc, is the ratio of momentum diffusivity (viscosity) to mass diffusivity
while the Damkohler number, D,,, is the ratio of the hydrodynamic 7, and chemical 7, time scales.
For numerical facility, we fix Sc = 1 and also D, = 1, which represents a balance between reactive
and hydrodynamic time scales. In addition, the diffusivity ratios are set as 6 = §¢c = 1, as we do
not consider differential diffusion effects [16,22,24,52,53].

B. Initial and boundary conditions

The flow field is initialized at rest (u = 0) with C(x, y, ty) = 0. We assume that the reactants are
initially present in equimolar concentrations, in all instances considered. The initial concentration
profiles of A and B are randomly perturbed step functions of the form

AGx, v, 10) = %[1 +erf(y_l—m>], (19)
0
B,y 10) =1 — %[1 ~|—erf<y_l—:m>], (20)

where [y = 2 is the thickness of the distribution of species A and B at time 7o = 0 and Y(x) is a
uniformly distributed random noise in the interval [—¢, €] with amplitude € = 0.001. The numerical
domain is defined as 2 = [0, L,] X [Ymin» Ymax]> Where [Ymin, Ymax] = [—500, 500]. The horizontal
and vertical extents of the domain are L, = 300 and L, = Ymax — Ymin = 1000. Periodic boundary
conditions are prescribed at x = {0, L,} for the velocity and the scalars, while we impose no-slip
boundary conditions for velocity and no-flux boundary conditions for the scalars at y = {Ymin, Ymax}»
that is,

u(O,Y)Zu(Lx’ y)a u(-xa y)n=0 at)’: {)’min, )’max}a (21)
0A(x, y)
A, y) = ALy, y), a—y =0, (22)
3 (y ) Y={Ymin>Ymax}
B(x,
B(0,y) = B(Ly, y), a_y —0. (23)
y Y={Ymin»Ymax }

Note that, for 5 = §¢ = 1, the sum of Egs. (15), (16), and 2x(17) with the given initial con-
ditions shows that C = %(1 — A — B) for all times. This allows us to avoid numerically integrating
Eq. (17), resulting in approximately a 25% gain in computational time.

The system of equations is solved numerically using the open-source spectral element code,
NEK5000 [54,55]. The mesh was gridded using £ = 80 x 200 spectral elements and a polynomial
order, PN = 7. An extensive discussion on the numerical method can be found in Deville et al.
[55].
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C. Analytical solutions for the reaction front in the absence of convection

We review briefly the evolution of the reaction front in the absence of convection, that is, when
u = 0. The resulting reaction-diffusion system is essentially one-dimensional and has been analyzed
by Galfi and Récz [26]. The reaction front, characterized by its position X;, and width W, , is the
spatially localized region where the production rate, R = D,AB, is nonzero. The position of the
reaction front X, corresponds to the point y = X, in the domain where the production rate R =
D,AB is maximum, that is, R (y, 1) = D,A(X;,, 1)B(X,,, t). The reaction front’s width describes
how far the reaction spreads around y = X, with more weight given to areas where the reaction
is stronger. It is defined using the zeroth and second moments of the production rate relative to the
front’s position:
L (v = X,,) RO dy

J ROy

W) = (24)

Gdlfi and Récz’s theory predicts that X, evolves with time as X;, ~ 12 while W, .~ 5. Specifically,

X;; = /2Dy, (25)

D 1-—
erf /2L ) = —4, (26)
2 14+g¢
with g = f;—g the ratio of the initial concentration of reactants. In addition, the maximum production
rate scales as

where D, . is defined through

2
Rmax(yvt) =1 (27)

Based on previous works [12,24,36,37], we expect Gélfi and Réacz’s reaction-diffusion trends [26]
to break down if convection comes into play. In the following, we investigate how buoyancy-driven
convection from bulk flow governed by the Navier-Stokes equation affects reaction and mixing
dynamics as the density ratios of reactants and products are varied.

D. Density profiles over the parameter space (Rg, Rc)

With the simplification C = %(1 — A — B), the equation of state, Eq. (18), can then be recast as

Rc Rc Rc
(1= ) A+ (Ry— 25 )B4+ <, 28
o ( 2) +<B 2) +2 (28)
so that
0 Rc\ 0A Rc\ 0B
2 (1-ZC) 22 4 (R — € )22, (29)
ay 2 ) dy 2 ) dy

Following Rongy et al.’s approach [37] (fixing R4 = 1 in their formulas), we can classify RD
density profiles in the (Rp, Rc) parameter space in several regions as shown in Fig. 2. First, we
see from Eq. (29) that the density profiles remain monotonically increasing downwards in zone
V defined by 2 < Rc < 2Rp. Zone Il (2Rp < R¢ < 2) features a monotonically increasing density
profile as well, with g—’y’ < 0 and a RT instability, the intensity of which is modulated by Rg and Rc.

If Rg =1 (red profiles in Fig. 2), A and B have the same density and the nonreactive (NR)
stratification is stable. However, the reaction can produce a local maximum when R > 2Rj (i.e., if
Rc > 2 here as Rg = 1) or a minimum in density if Rc < 2Rp = 2.

If Rp < 1 (brown and blue curves in Fig. 2), the lower solution of B is less dense than the upper
solution of A and the nonreactive system is unstable with regard to the RT instability. Varying R¢
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FIG. 2. Density profiles along y at t = 400 in the (Rp, Rc) parameter space. Initially unstable Rz < 1,
isodense Rz = 1.0, and initially stable Rz > 1. The nonreactive (NR) profiles, with D, = 0 and Rc = 0, are
plotted with dashed lines.

modifies however the density in the reactive zone such that the density profile remains monotonic
only for 2Rg < R¢ < 2 (zone II). Outside this region, a maximum in density is observed provided
Rc > 2 (zone III) or we get a minimum if Rc < 2Rp (zone I).

If Rp > 1 (green and purple curves in Fig. 2), the initial stratification of the less dense A above
denser B is stable and the reaction triggers a nonmonotonic density profile with a minimum only if
Rc < 2 (zone VI) or with a maximum if Rc > 2Rp (zone IV).

E. Theoretical predictions

Based on the density profiles of Fig. 2, we predict the following convective scenarios:

(1) Density profiles remain monotonically increasing downwards in zone V defined by 2 <
Rc < 2Rp and therefore no convection is expected for values of parameters in that region.

(2) If the less dense reactant lies above the denser one (Rp > 1), the reaction may destabilize
this otherwise stable stratification locally in the zones where an extremum develops in the density
profile. In zone IV of the (Rg, Rc) parameter space defined by 2 < 2Rp < R¢, convection should
develop below the extremum with denser fingers, rich in C, sinking in the lower solution of B.
Conversely, in zone VI (such that 0 < R¢ < 2 < 2Rp), we expect plumes from the less dense C to
rise in the denser solution of A. We thus predict that reaction-driven convection can destabilize a
large zone of the R > 1 plane even in the absence of differential effects [16,56,57] thanks to the
buildup of a nonmonotonic density profile. Moreover, this convection should be asymmetric with
fingers sinking downwards in the case of a maximum and plumes rising upwards in the case of a
mininum.

(3) In an initially unstable configuration (Rg < 1), the formation of local density extrema due to
reaction can break the symmetry of the classical Rayleigh-Taylor plumes, modifying the pattern and
intensity of mixing. Minima appear in zones I, 0 < R¢ < 2Rp < 2, while maxima exist in zones III,
0 < 2Rp < 2 < R¢. Moreover, as the amplitude of the density jump across the buoyantly unstable
zone where density decreases along the gravity can be larger because of the extremum, we expect
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that the larger the amplitude of the extremum, the more intense convection and the more efficient
the mixing [56,58].

III. CHEMOHYDRODYNAMIC PATTERNS

To test the predictions of convective scenarios based on RD density profiles, we now turn to
analyzing the RDC dynamics obtained by integrating models (13)—(18) numerically for various
values of the parameters R and R¢.

A. Typical reaction-diffusion-convection pattern

Figure 3 features the convective dynamics for a representative case in zone I with Rz = 0.8 and
Rc = 1.2. The system is RT unstable and a less dense C is formed in the reactive zone. The reactants
A and B are consumed and convection is slightly asymmetric with upward moving plumes extending
further away than sinking fingers. The reaction rate R as well as the mixing rate xp (to be defined
below) are maximum in the contact zone between reactants. To further analyze the reaction zone,
adding Eqs. (15) and (17) with §¢ = 1 yields

aD

1
57+mv0=§vm, (30)

where
D=A+C (31

is a conserved scalar. The spatial structure of the reaction zone can be captured using the logistic
map

I =D( - D), (32)

which highlights the regions of active reaction. The field I'(x, y, t) closely follows the product
distribution C(x, y, t), as illustrated in Fig. 3. With 0 < D < 1, an advantage of tracing out I is that
it remains bounded as 0 < I' < 0.25, whatever the values of Rg and R, since the product D(1 — D)
is minimum if D = 0 or (1 — D) = 0 and is maximum only if D = (1 — D), that is, D = 0.5.

B. Dynamics in the (R, Rc) parameter space

Figures 4 and 5 show the convective dynamics for variables Rp and R¢ at times 200 and
400, respectively. In these two figures, min(I") is depicted in blue, max(I") is depicted in red,
and the intermediate values are in green. The first column features the nonreactive (NR) case,
obtained by fixing D, = 0 in the RDC model (13)—(17) and Rc = 0O for the density profile given by
Eq. (28) to be equal to the density p = A 4+ RpB of the nonreactive case. If Rg < 1, the NR cases
exhibit the characteristic symmetric plumes associated with the RT instability, while for the stable
Rp > 1 cases diffusive broadening of I' is observed. Note that the equivalent of a nonreactive
scenario is uncovered when D, # 0 on the line Rc = R4 + Rp, i.e., on the line Rc = 1 + Rp here,
corresponding to the case where the loss in density by the consumption of A and Binthe A + B — C
reaction is equal to the gain in density by the production of C [37].

Let us now examine the changes due to the reaction. When Rp = 0.4, 0.8, the solution of A
is denser than the lower solution of B (Rp < 1) and consequently a RT instability develops. These
stratifications correspond to zones I-III of Fig. 2. In zones I and Ila, where R¢c < 1 + Rp, the product
C is less dense than the reactants and rises in the gravity field. Consequently, in the upper layer,
convection is more pronounced in the region between A and C. In zone Ila, the plumes are rather
symmetric, similar to the nonreactive cases, because the density profiles are monotonic. When R¢ >
1 4+ Rp (corresponding to zones IIb and III, as shown in rows 1-2 and columns 7-11 of Figs. 4
and 5), the reaction product is denser than the reactants and therefore tends to sink into the lower
layer over time, enhancing downward convection. In the short term, however, the convective plume
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patterns in zone IIb more closely resemble those of the nonreactive case than those observed in zone
IIa, indicating a delayed but eventual influence of the reaction on plume asymmetry. The pronounced
symmetry in zone IIb arises because R¢ affects the reaction dynamics less significantly than in zone
IIa.

When Rg = 1 in Figs. 4 and 5, the setup is initially isodense, i.e., reactants A and B have the same
density. The core of the zone located at (Rg, Rc) = (1, 2) has a constant density and no convective
fluid motion occurs despite the presence of a reaction. However, convection intensifies when R is
varied away from this core value because the reaction then creates nonmonotonic density profiles.
The nonmonotonic profiles influence the finger dynamics toward regions where ‘;—';f < 0, as denser
C (Rc > 2Rp) tends to sink, while less dense C (Rc < 2Rp) tends to rise.

Rp = 1.2, 1.6 of Figs. 4 and 5 correspond to the last three sections IV-VI of Fig. 2, which have
initially stable density profiles since Rg > 1. In Sec. IV, where Rc > 2Rp, the RT instability is
induced in the lower layer in the zone that separates B from C. The otherwise stable stratification
of reactants becomes destabilized and generates convective fingers sinking downward due to a local
maximum in the density profiles triggered by the reaction. In contrast, when reactions do not alter the
monotonic density profiles of stably stratified reactants, as in zone V (2 < R¢ < 2Rp), for example,
(Rp, Rc) = (1.20, 2.40), (1.60, 2.40), no convection develops. Although the product is denser in
zone Va than in Vb, the increased value of R¢ in Vb is not large enough to destabilize the initially
stable stratification and trigger convection. In zone VI (see (Rp, R¢) = (1.20, 0.40), (1.20, 0.80)),
buoyant plumes are generated in the upper layer in the zone that separates A from C due to the local
minimum in the initially stable density profiles.

We thus see that, overall, the trends predicted by the density profiles are recovered in the
nonlinear simulations. Compared with previous findings, the finger patterns observed here differ
significantly from those in a similar setup using Darcy flow [12,22,44,59]. In Darcy flow, the fingers
are longer and narrower than those seen here. Additionally, the fingers agglomerate more rapidly
here than in Darcy [12,22,44,59] and Stokes flows [24].

1. Mixing characterization

a. Onset time of instability. The onset time of the buoyancy-driven instability marks the transition
from diffusion to convection-dominated reactive mixing. In Fig. 3, we see that the species A, B, C,
and I' expand similarly in the diffusive regime (# < 150). Around ¢ & 150, a transition to convection
occurs, deforming the initially planar interface into convective plumes and lamellae structures. By
tracking the mixing length, the distance between the tip and rear of diffusive zones, and of convective
plumes for species A, B, C over time, we can identify the onset of instability. Based on species A
with a minimum concentration of 0 and a maximum of 1, the mixing length is defined as the sum of
the absolute distances from the interface line y = 0 to the positions where the species concentration
first falls below 1 — 71 and rises above 7, respectively, with n = 0.003. Given that the mixing length
of A grows as ~+/t in the diffusive regime, while it follows an ~¢2 scaling in the convective regime
[39,58,60], we define the onset time as the transition time between these two growth trends (Fig. 6).
[Refer to the Appendix for a discussion on how B, C, or x (defined below) give the same trend of
onset time of instabilities over (Rg, R¢) space.]

Figure 7 illustrates a nonmonotonic relationship between the onset time of convection and the
density ratio R¢ for a fixed Rp. First, instabilities emerge earlier in all initially unstable reactive
setups (Rp < 1,Rc 2 0, D, # 0) compared to their nonreactive counterparts (R < 1, D, = 0).
Moreover, within the unstable regime, a smaller initial density difference between reactants (A p,, =
1 — Rgp = 0.2 for Rg = 0.8) delays the onset of instabilities compared to a larger density difference
(Apyr =1 — Rp = 0.6 for Ry = 0.4). Second, for initially unstable setups (Rg < 1), the onset time
is most delayed at Rc = 1 4+ Rg. The more R¢ departs from the 1 4+ Rp line in the (Rg, R¢) space
(see Fig. 2), i.e., the more |Ap,| = |1 + Rg — R¢| increases, the larger the density difference and
the more the onset time decreases.
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FIG. 6. Temporal evolution of the mixing length & of A and onset times for Rg = 1 and variable Rc.

When solutions of reactants are initially stably stratified (Rg > 1), instabilities do not occur
if R¢ lies within the range [2, 2Rp], corresponding to zone V of Fig. 2. This follows logically
from Eqgs. (28) and (29), as the products generated in this region are never dense enough to
create local extrema in an initially stable density stratification. Nevertheless, if R¢ ¢ [2, 2Rp],
convection develops starting from an initially stable setup (Rg > 1), with the onset time decreasing
as |Ap,| = |1 + Rg — R¢| increases, for a given Rp. Initially unstable reactive RT setups exhibit an
earlier onset time of convection than stable setups (Rp > 1), as is logically expected.

b. Scalar dissipation rate. After instabilities have been triggered, the subsequent convection-
reaction-dominated mixing can be quantified through the scalar dissipation rate [61], xp(x,y, 1),
defined as the change in time of crl%(x, v, 1), the variance of D = A+ C, i.e.,
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FIG. 7. Onset time of convection as a function of R, of the unstable cases for variable values of Rp.
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We also define the total scalar dissipation per unit time over the volume €2 as

1 1
(0 = —/ o, y.1) = —/ VDP dS. (34)
Sc Q Sc Q

The scalar dissipation rates xp(x, y,t) and x (¢) quantify, respectively, at local and global scales,
the rate at which scalar gradients are smoothed, or, equivalently, how quickly the scalar variance
is dissipated through molecular diffusion in the convective field. Since the dissipation rate is
proportional to the square of the scalar’s gradient, and small-scale turbulent motions generate large
gradients, smaller-scale structures result in higher dissipation rates. Through Eq. (34), we see that
perfect mixing occurs as the scalar dissipation rate approaches zero. This conclusion is only valid
in closed systems without sources or sinks—hence the choice of the conservative component D. As
Fig. 3 shows, we observe locally the effects of stretching and folding by convection on the scalar
field D and the eventual smoothing of the concentration gradient through the scalar dissipation rate
xp(x, y, t). In the following, we discuss the global evolution of x (¢) for each case considered.

¢. Mixing initially isodense reacting fluids. In the isodense setup (R = 1), the solutions of A
and B have equal densities. For this case, Fig. 8(a) depicts early-time mixing by diffusion, with x (¢)
decaying as 1/+/¢, in agreement with earlier findings [8,62]. As convection develops, the total scalar
dissipation rate exhibits a rapid increase in time, which departs from the 1/4/7 diffusive behavior.
This is followed by a phase of convection-dominated mixing of reactants and products, during which
the scalar dissipation rate follows an increase with fluctuations. The growth rate of x as a function
of time in the convective regime is strongly correlated with Rp and R¢ and not universal as found
for porous media flows [62]. In addition, the growing undulating trend of x (¢#) contrasts with the
plateaulike behavior observed in unstable reactive stratification in porous media, as reported by
Hidalgo et al. [8]. In their mixing-limited case [8], the plateau indicates an equilibrium between
dissolution and instantaneous reaction rates, resulting in a steady state where the interface thickness
remains relatively constant over time. This steady state is achieved when the convective mixing is
strong enough to maintain a uniform distribution of reactants and products but not so intense as to
disrupt the overall structure of the interface.

In the present study, the unsteady temporal evolution of the scalar dissipation rate in the
convection-dominated regime indicates a complex balance between convection and reaction until a
critical peak threshold is reached. At this peak, the system has experienced intense turbulent mixing,
where convection has maximized the rate at which the interface between A and B is stretched, folded,
and mixed within the fluid. The high value of x(¢) reflects the presence of strong concentration
gradients as turbulence enhances the deformation of the interface. The reaction may not have fully
consumed all reactants at this stage, allowing strong gradients to persist. After that, the scalar
dissipation rate decreases drastically, indicating a transition to reaction-dominated mixing. The
reaction consumes the remaining reactants rapidly, reducing concentration gradients, which leads
to a lower scalar dissipation rate. As a result, the scalar fields become smoother and the dissipation
rate decreases towards zero when all species are perfectly mixed. The density difference influences
the time at which shutdown happens: for Rg = 1, the larger the magnitude of the density difference,
Ap, = 1 + Rp — Rc, the earlier the scalar dissipation rate shuts down.

d. Mixing initially unstable strata of reacting fluids. Figures 8(b) and 8(c) show the temporal
evolution of y when we vary R¢c for Rp < 1, corresponding to zones I, II, and III of Fig. 2.
Compared to the isodense case of Fig. 8(a), mixing in the initially RT unstable setup is more
intense as the maximum value of the scalar dissipation rate is larger than in the isodense setup.
Furthermore, the monotonicity of the underlying density profiles affects the mixing as follows: if the
initial density difference between reactants is large enough (Ap,, = 1 — Rg = 0.6 for Ry = 0.4),
nonmonotonic profiles in zones I and III of Fig. 2 represented by red and blue curves in Fig. 8(b)
lead to faster mixing compared to monotonic profiles (zone II of Fig. 2) represented by the green
bands in Fig. 8(b). Similarly, when there is a relatively small initial density difference between
reactants, Ap,, = 1 — Rg = 0.2 for Rg = 0.8, as in Fig. 8(c), nonmonotonic profiles mix faster
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than monotonic ones. The only difference is that, for the same R, mixing and reaction proceed
faster with a larger initial difference between reactants.

e. Mixing initially stable strata of reacting fluids. If Rg > 1, the initial stratification is stable and
the diffusion-dominated mixing stage of the scalar dissipation rate exhibits a 1//f growth rate [see
Figs. 8(d) and 8(e)]. An instability occurs depending on whether R is large enough to destabilize
the stable stratification. In nonreactive cases, for instance, the scalar dissipation rate continues to
follow the 1/4/f growth rate as the stratification remains stable. Similarly, in the stably stratified
reactive setups corresponding to zone V of Fig. 2 with monotonic density profiles, R¢ is not large
enough to trigger convection and x (t) ~ 1/+/t. However, if C is less dense or denser enough to
create nonmonotonic density profiles, as in zones IV and VI of Fig. 2, the reaction destabilizes the
fluid interface. This leads to a convective increase of the scalar dissipation rate, similar to those in
the unstable and isodense setups of the convective regime, but with peaks of smaller magnitude.

f- Kinetic energy. To gain further insight into the mechanisms driving mixing in reactive
buoyancy-driven flows, we examine the evolution of the volume-averaged kinetic energy, defined
over the two-dimensional domain €2 as

_ 1 2 2
(e(t) = mfg(u +17)dQ, (35)

where u, v are the velocity components in the x and y directions, respectively.

Figure 9 shows the temporal evolution of kinetic energy for various combinations of Rz and R¢. A
consistent pattern emerges: configurations with monotonic density profiles generate relatively weak
flow, while nonmonotonic profiles lead to vigorous counterpropagating convection and turbulence.
These energetic flows significantly amplify kinetic energy. Notably, the growth of kinetic energy
coincides with peaks in the scalar dissipation rate x, suggesting a tight coupling between momentum
and scalar transport during active mixing phases. Although (¢(#)) and x measure different physical
quantities, flow velocity (or momentum) and scalar gradient intensity, respectively, their dynamics
are deeply intertwined. Buoyant forcing arises from sharp scalar gradients. This forcing drives
convective motion, which in turn sustains both turbulence and kinetic energy. As reactions proceed
and gradients weaken, x drops rapidly. However, the kinetic energy often decays more gradually or
temporarily plateaus. This lag reflects the persistence of inertial motion even after buoyancy forcing
wanes.

We begin by examining the isodense stratification case, Rp = 1.0, Fig. 9(a), which serves as a
useful baseline. At large Rc > 2.0, the reaction produces dense products that sink under gravity,
amplifying kinetic energy. At low R¢, the products are less dense and rise against gravity. Despite
the sign reversal in buoyant forcing, these cases also exhibit strong kinetic energy due to steep scalar
gradients and transient convective instabilities. The kinetic energy trend is nearly symmetric about
Rc = 2.0, with maxima at the extremes and a minimum near Rc = 2.0, where the product density
closely matches the background stratification, minimizing buoyancy forcing.

At the lower end of stratification, Rg = 0.4, Fig. 9(b), the system is initially RT unstable due to
a large density contrast (Ap,, = 1 — Rg = 0.6). This drives strong downward plumes and injects
kinetic energy early in time. However, for small to moderate Rc < 2.0, the reaction forms less
dense products that reduce the density contrast and partially suppress the RT instability. As a result,
buoyant production reduces and reactive cases exhibit kinetic energy lower than the nonreactive
baseline. The nonreactive case retains sharp scalar gradients, sustaining stronger buoyant forcing.

At Rp = 0.8, Fig. 9(c), the system remains RT unstable, though the initial density contrast
(Ap, = 0.2) is much smaller. Here, the effect of the reaction dominates the dynamics: denser
products at high R¢ sink, while less dense products at low R¢ rise. In both regimes, the plumes
are less developed than in the Rp = 0.4 case, particularly at early times, and the resulting kinetic
energy remains moderately lower than in the Rg = 0.4 case. The suppression of the kinetic energy
with respect to the nonreactive case seen in Fig. 9(b) is absent due to the smaller initial density jump
and reduced need for the reaction to counteract it.

024003-16



IMPACT OF BIMOLECULAR CHEMICAL REACTIONS ...

® VR
& 0.00
4 040
¥ 080
1.20
1.40
1.60
1.80
200
220
240
2,60
¢ 230
¥ 320
! * 360
020  d0 oo S0 oo @ 40

i W0 oS00 To0 100 1 0 500 Th0 100

TO00 2000
t
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For Rp = 1.2, Fig. 9(d), the flow enters a transitional regime. The background stratification
is strong enough to resist large-scale vertical motion, especially for Rc ~ 2.0. This results in no
convection and zero kinetic energy, with only enhancement when a nonmonotonic density profile
drives convection.

Finally, for Rg = 1.6, Fig. 9(e), the strongly initially stable stratification works against plume
development and turbulent mixing across all R¢. The kinetic energy remains uniformly low and
departs from zero significantly only when the intensity of the extremum in the density profile is
large enough. Note that the unstable cases with Rc < 2 provide more kinetic energy than those with
Rc > 2Rp because, as seen in Fig. 2, the intensity of the extremum is larger in the first cases.

These results underscore that the evolution of kinetic energy reflects the complex interplay
between chemical reaction, scalar gradients, buoyant forcing, and viscous dissipation. Scalar
dissipation modulates the strength of buoyancy, which governs energy injection into the system.
The resulting plume dynamics, whether rising or sinking, determine whether gravitational energy
amplifies or decreases kinetic energy. This delicate balance shapes the intensity and duration of
turbulent mixing in reactive stratified flows.

8. Mixing shutdown. We have characterized the onset time of convective mixing in Sec. [II B 1 a.
It is also helpful to measure when convective mixing begins to shut down and to observe what
happens between the onset time and the shutdown of convective mixing. The shaded area under the
curve of x(¢) in Fig. 10 highlights the cumulative mixing intensity that occurs between the onset
time ¢, of convection and the beginning time #; of mixing shutdown. Mathematically, this area is
given by the integral:

1= / Lo () — x ()] dt. (36)

c

The values of ¢, across the (Rp, Rc) parameter space closely follow trends in mixing intensity,
as shown in Fig. 11. For lower values of Rz (0.4 and 0.8), the variation of #; with increasing R¢
exhibits a clear unimodal trend: the onset of shutdown is most delayed at intermediate R, while
occurring earlier at both low and high R¢ values. For instance, at Rg = 0.4, shutdown starts early
at Rc = 0.00 (z; ~ 223), reaches a maximum delay at Rc = 1.60 (¢, ~ 317), and then accelerates
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FIG. 11. (a) Onset time of mixing shutdown 7, and (b) mixing intensity / over (Rg, R¢) parameter space.

again at Rc = 4.00 (¢, ~ 169). A similar progression is observed for Ry = 0.8, where shutdown
peaks at Rc = 1.80 (¢, ~ 579) and falls off sharply thereafter. This behavior underscores the role of
moderate convective forcing, corresponding to Rc & 1 + Rp in prolonging turbulent mixing before
suppression sets in, and is similar to what was observed for the onset of instabilities in Sec. Il B 1 a.

For Ry = 1.0 and Rg = 1.2, the trends become less regular, reflecting more complex dynamics.
At Rg = 1.0, no convective motion is recorded for the nonreactive case and for Rc = 1 + Rg = 2.0,
while shutdown is significantly delayed at intermediate Rc values, in the neighborhood of the NR
equivalent Rc ~ 1 4+ Rp. However, no clear unimodal behavior emerges, indicating an irregular
dependence on R¢. For Rz = 1.2, convection is absent at Rc = 2.0, 2.2, and 2.4, similar to the
nonreactive case, while the time it takes to start mixing shutdown increases as R¢ increases from
= 0 to Rc = 1.8 and as R¢ decreases from = 4.0 to Rc = 2.6. The longest delays occur in the
neighborhood of Rc = 1 4+ Rp at Rc = 1.8 and 2.6. This indicates that mixing persistence is highly
sensitive to intermediate-to-high R¢ values when buoyancy forces are stronger.
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At Rp = 1.6, no convection develops from Rc = 1.8 to R¢ = 3.2. The most delayed shutdown
occurs at Rc = 1.6 (t; ~ 797), with earlier shutdowns at Rc = 0.8 (¢, ~ 452) and 1.2 (¢, ~ 480).
Beyond R¢c = 1.6, shutdown onset times drop sharply, indicating that increasing R¢ strongly inhibits
convective activity at high Rp.

Across all cases, delayed mixing shutdown is consistently associated with intermediate R¢ values
close to its NR value Rc = 1 + Rp.

h. Mixing intensity. Mixing intensity I, shown in Fig. 11(b), exhibits trends closely aligned with
shutdown onset times, particularly at lower to intermediate Rg values. For R = 0.4 and 0.8,
reaches a maximum at moderate values of R¢, i.e., Rc &~ 1 + Rp (e.g., Rc = 1.60 and R¢c = 1.20,
respectively), with intensity dropping off on either side. This unimodal structure indicates that
moderately dense product promotes the strongest and most sustained mixing in initially unstable
stratifications. However, for R = 1.0, intensity is elevated at both low R¢ (0.40-0.80) and high R¢
(4.00), with more variability observed.

For Rp = 1.2, intensity remains low across most R¢, except for a notable peak at Rc = 4.00.
Similarly, at Rg = 1.6, I is highest at Rc = 0.80 and remains moderately low at other values of R¢.
Iisnotrecorded at Rc € [2.0, 2.4]forRg = 1.2andatRc € [2.0, 3.6] when Rg = 1.6 because
no convection occurs at these R¢ values. The overall trend suggests that mixing is less intense when
the initial stratification of reactants is stable than when it is unstable.

A strong correlation emerges between higher mixing intensity and delayed shutdown, partic-
ularly within the range of 1.20 < R¢ < 2.00, where optimal mixing is observed at Rp < 1.0.
Conversely, low [ typically coincides with rapid shutdown if Rg < 1.0. Nonetheless, at Rg > 1.0,
the mixing is less intense, even when the shutdown starts much later. These observations suggest
that efficient reactive mixing occurs in unstable stratifications (R < 1.0) and moderate convective
forcing (R¢c € [2.0, 2.0Rg]).

2. Reaction zone characterization

We have seen in Figs. 4 and 5 that the location and extent of the reaction zone vary significantly
with the density ratio R¢: depending on its value, the reaction zone can rise upward or sink
downward and become broader or more confined. To quantify this behavior, we examine the mean
position X, () and width W,;(z) of the reaction front. They are defined here in terms of the
horizontaly averaged production rate, which is defined by

— 1 [
R(y,t) = DaL_ / Alx, y,t)B(x, y, t)dx. 37
x JO

Analogous to the one-dimensional case considered in Sec. I C, the mean position X, of the reaction

front is defined as the location where the average production rate R(y, t) is maximal and its width
W,, is obtained by using R(y, t) in Eq. (24). For the nonreactive cases used for comparison in the
following, we show the position and width of the mixing zone, which are defined in terms of the
horizontal average of A x B in analogy to the characterization of the reaction zone. The horizontally
averaged production rate profiles shown in Fig. 12 indicate that reactions occur across a vertical
extent, roughly within y € [—100, 100]. The mean position X, ’ and width W, , of the reaction area
align with the region where the reactions are most intense. The zone of maximum production rate
typically occurs away from the central convective zone (y > 0 in this case) and instead aligns with
regions where the overlap between species A and B is greatest (y < 0 in this case), consistent with
the front structures observed in Figs. 3-5. In what follows, we analyze the total reaction rate and
resulting product yield and investigate how varying the density ratio R¢ influences the structure and
evolution of the reaction front.

a. Position of the reaction front. Figure 13 shows the temporal evolution of the front position
X, for different Rp and Rc values. The position of the reaction front was recorded every dr = 0.02.
To reduce high-frequency noise and emphasize broader trends in the X, () signal, the data were
smoothed using a centered rolling average. A moving window of 5000 data points was applied,
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FIG. 12. Average profiles of (a) the product C and (b) the production rate R when Rz = 1.60 and Rc =
1.20 at times ¢t = 60, 160, 260.

with a minimum of 1000 points required to compute each local mean. This approach preserves the
overall temporal dynamics while attenuating short-term fluctuations, facilitating clearer comparison
across different parameter sets.

In the initially stable, unstable, and isodense setups, the position of the reaction front stays
constant at the interface line y = 0 throughout the diffusive regime (Fig. 13) because Ag = By and
diffusive constants are equal. However, in the convective regime, the front moves in a preferred
direction, depending on the value of R¢. For example, in the isodense setup of Fig. 13(a), the global
reaction zone rises in the gravity field for Rc < 2. Nevertheless, the front location underlying the
position X, of maximum production rate, initially located at y = 0, sinks toward the lower wall
(X, ;< 0). The opposite is seen R¢c > 2,1i.e., X, , rises toward the upper wall (X, . > 0). In a sense, the
reaction front can be described as a density-difference-seeking entity that migrates in the direction
of the reactant with the least density gradient relative to the product. In other words, the reaction
front will advance towards reactant A or B, depending on which of the two is closer in density to
the product. The farther R¢ departs from the 2Ry value (isodense case), the greater the magnitude
of the movement of the front.

In the case of an initially unstable stratification where R < 1 [Figs. 13(b) and 13(c)], the front
position does not vary throughout the diffusive regime. As soon as convection develops, the front
position alternates vigorously between the upper and lower fluid layers, away from the interface.
Generally, the alternation is more sporadic for a large initial density gradient [Ap,, =1 — Rg = 0.6
for Rg = 0.40 as in Fig. 13(b)] than it is for a small density gradient [Ap,, =1 — Rp = 0.2 for
Rp = 0.80 as in Fig. 13(c)]. Although the front position may fluctuate vigorously when the initial
stratification is unstable, it generally settles below the initial interface at y = 0 when R¢ < 2, where
the reaction rate is maximal. In contrast, for Rc > 2, the front ultimately stays above the initial
interface position.

Considering the initially stable setup [see Figs. 13(d) and 13(e)], we see that, when 0 < R¢ < 2,
the front continuously shifts downward, below its initial position y = 0. In contrast, for R¢ > 2, the
front drifts upward, above its initial position y = 0. When Rg = 1.20, products with a higher density
ratio in R¢c > 2 move upward the most. Also, when Rg = 1.60, although the reaction front moves
upward the most for Rc = 4.00, it stays at y = 0 for 2.00 < R¢ < 3.60 as the interface is diffusive
for these values, corresponding to monotonic density profiles in zone V of Fig. 2.

Unlike in the initially unstable stratification, where the front’s position eventually settles close
to the initial interface for some parameters, the front drifts away from the interface asymptotically
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in the stable case. In addition, comparing the front position in the stable and unstable setups, we
observe an intermediate convective regime where the reaction front’s position alternates between
staying above and below the initial interface position in the unstable setups. However, there is no
such alternation in the stable setups.

The global movement of the reaction front in various scenarios agrees well with the predictions
of Rongy et al. [37] for horizontal stratifications. Buoyancy-driven convection causes the reaction
front to move in the direction of the least density gradient. However, in contrast with the laminar
flow, the turbulent bulk flow in our setup introduces aperiodic fluctuating movement of the reaction
front’s position in the convective regime. Also, unlike in Rongy et al. [37], the front position rarely
returns asymptotically in time to its original position. Instead, the front settles a little, or much more,
above or below the initial interface position.

b. Width of the reaction front. The width of the reaction front, W, given by Eq. (24), increases

as 1 until convection sets in (Fig. 14). In the first cycle of convective movements, the reaction front
broadens markedly and W, grows rapidly, indicating an increasing convective spread of the reaction
zone around X, . In the following cycle of mixing shutdown, the width of the reaction front contracts
around X,, with an opposite sign to that observed in the convective regime. The influence of the
density ratios on the width of the reaction front in the convective regime is explained as follows:
in the unstable setup of Figs. 14(b) and 14(c), when 0 < R¢ < 2, the width of the front position
increases as R¢ increases. However, when Rc > 2, the width of the reaction front decreases as R¢
increases from oo towards 2. The stable setup [see Figs. 14(d) and 14(e)] shows that the width of
the position of the reaction front has a similar dependence on R¢ as the unstable setup.

c. Production rate. Intuitively, turbulent convection should favor maximum product yield, as
vigorous stirring promotes the intermingling of reactants. Thus choosing a turbulent bulk flow over
a laminar bulk flow one expects an increased volume-averaged production rate (R) defined by

1 Ymax
(R()) = L_/ R(y, 1)dy. (38)

Y Ymin

Figure 15 explores how (R) varies in the (Rp, R¢) parameter space.

In the initially unstable stratification case [Figs. 15(b) and 15(c)], the production rate increases
and peaks earlier if the reaction scheme leads to the production of a denser product, provided R¢c >
2. In contrast, the production rate increases earlier if the reaction scheme leads to the production of
a less dense product for R in the interval (0, 2). After the production rate reaches its peak value, it
starts to diminish because most reactants have been consumed in the reaction zone.

At the production peak, the production rate in an initially stable stratification of reactants seems
to last longer than that of initially unstable stratification, as shown in Figs. 15(d) and 15(e). Such
behavior is consistent with the mixing dynamics presented through the scalar dissipation rate. In
other words, because mixing is slow and delayed in a stable setup, production of new products
continues for as long as the reactants are being intertwined by convection. However, that the
production takes longer within some time window in stable setups does not necessarily convert to
more products being formed than in the unstable setup over a long time. To understand this better,
we analyze the average product yield.

d. Average product yield. The volume-averaged amount of C produced through the A + B — C
reaction over time is computed as

1
(C@)) = §/S2C(x,y,t)d§2. 39)

The temporal evolution of (C(z)) across the parameter space is shown in Fig. 16. In the isodense
configuration [Fig. 16(a)], the product yield and its rate of growth increase with |Ap,| = |2 — R¢|,
i.e., the further R¢ is from Rc = 1 + Rp, where Rg = 1, the greater and faster the production of C.

In the initially unstable configurations [Figs. 16(b) and 16(c)], where the initial density difference
between the reactants is significant (e.g., Ap,, = 1 — Rp = 0.6 for Rz = 0.4), the product yield
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(Rg, Rc) parameter space until time ¢ = 1000.

is noticeably higher than in cases with a smaller density contrast (e.g., Ap,, =1 — Rp = 0.2 for
Rp = 0.8). As in the isodense case, the product yield increases with |Ap,| = |1 + Rg — R¢|, both
in magnitude and production rate.

Conversely, in the initially stable setups, smaller density differences between reactants (1 — Rp)
are more favorable for product synthesis. For a given R¢, reduced density contrast leads to
higher yields and shorter production times. However, when 2 < R¢c < 2R, the yield is minimal,
limited by purely diffusive transport, as convection or instability-driven mixing is absent in this
regime.

Moreover, in the unstable configurations [Figs. 16(b) and 16(c)], product formation is es-
sentially complete by r = 1000 for nearly all Rg < 1. This is evident from the flattening of
(C(t)), indicating that the reaction becomes limiting (i.e., one or both reactants start to be de-
pleted). In contrast, the stable configurations exhibit incomplete reactions over the same timescale.
Notably, when 2 < R¢ < 2Rp, the final yield is nearly identical across all R¢, since diffusion
alone influences mixing for these parameters. Thus, in stable regimes where 2 < R¢ < 2R3,
the reactant density ratio does not influence product yield, as no instability-driven enhancement
occurs.

The total product yield over time, Cyy,, is defined through the integral

Coow = / ey, (40)

=t

Since all simulations get to last until at least + = 1000, we fix f,x = 1000. If t,.x = 500, for
instance, the corresponding total product yield is the area highlighted in Fig. 16(d). Figure 17
emphasizes that, at time #,,x = 1000, an unstable stratification favors the production of C, while
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a stable stratification inhibits its production. In particular, the highest yield of product occurs for
Rp = 0.4 followed by Rp = 0.8, with the least yield recorded for Rz = 1.6. Thus there exists a
negative monotonic correlation between product yield and the density ratio, Rg, of B to A. Another
emerging trend is that, for a fixed Rp, as the net density difference max(|1 — Rp|, |[Rc — Rp|)
between the reactants and the product increases, the reaction yield increases with time. Overall,
the total amount of reaction product is larger in an initially unstable setup (Rg < 1.0).

IV. CONCLUSIONS

We have numerically studied the influence of an A + B — C reaction on convective mixing
between two layers of reactants A and B, depending on the relative contributions of the species
to the fluid density. Fluid motion follows the Navier-Stokes equations. In the absence of any
differential diffusion effects, three distinct flow regimes, which depend on the density ratios (Rg, R¢)
of reactant and product solutions, have been identified. The initial phase is dominated by diffusion,
followed by an intermediate regime where convection and reaction act together to fuel turbulence.
In this intermediate phase, convection sets in earlier and is more intense in the reactive than in
the nonreactive cases. This early and enhanced convection arises because the A + B — C reaction
generates local density extrema in configurations that would otherwise exhibit monotonic density
profiles. For instance, if the stratification is monotonically stable and the product C is not sufficiently
dense to create a local extremum, convective mixing does not occur. Whenever the reaction triggers
or enhances convection, a final mixing stage dominated by reaction follows, ultimately leading to
the homogenization of concentration.

The effectiveness of the A + B — C reaction in accelerating the onset of instabilities, intensi-
fying mixing, and increasing the reaction yield depends on the initial stratification. The reaction
has the strongest impact when the reactant solutions A and B are initially Rayleigh-Taylor unstable
(R < 1), for all product densities (Rc > 0). Even when the reactant solutions are equally dense
or stably stratified (Rg > 1), reaction-driven instabilities and mixing still occur, provided that
Rc ¢ [2, 2Rg], due to the formation of nonmonotonic density profiles from the in situ production
of C.

Furthermore, the density ratios (Rp, R¢) govern the extent of asymmetric convective plumes. In
particular, the in situ formation of C shifts the reaction front toward the reactant that is more similar
in density to the product (where ‘;—5 < 0), ultimately influencing the reaction yield. Notably, the
global asymmetric convective patterns induced by chemical reactions align with previously reported
studies in laminar bulk flow, which show that the reaction front generally propagates in the direction
of the reactant with the smallest density difference relative to the product. However, a turbulent bulk
flow introduces local variations in flow patterns. Specifically, in isodense setups, the reaction front
moves downward if Rc < 2 and upward if Rc > 2; in stable setups, the front position behaves
similarly to the isodense case, except that Rc must be at least twice Rp for the front to remain
mobile; in initially unstable setups, the reaction front follows a similar movement to the isodense
case, except that its movement is more sporadic.

We have demonstrated that the density ratio of reactants and products significantly influences
mixing and reaction yield when initially segregated solutions are mixed by buoyancy-driven
instabilities. Future investigations could explore how differential diffusion, nonideal effects, or
cross-diffusion influence the dynamics reported here [16,33,34,45,63,64]. We also hypothesized
here that all buoyancy ratios are positive. Future works could extend our analysis to cases where
some species decrease the bulk density (i.e., R; < 0) such that new mixing and reaction dynamics
could emerge [51]. Additionally, examining the interplay between convection and A + B — C
reactions at both small and large Damkohler numbers would be valuable. Our results thus pave
the way to decipher the important role of reactions in the possibility of controlling buoyancy-driven
instabilities in reactive fluids.
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volume average scalar dissipation rate x over (R, Rc) space.
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APPENDIX: ONSET TIME COMPUTATION BASED ON MIXING LENGTH OF A, B,C AND THE
SCALAR DISSIPATION RATE

Figure 18 shows that the onset of instabilities, whether determined from the mixing lengths of
A, B, C or from the volume-averaged scalar dissipation rate, (x), exhibits the same trend in the
(Rp, Rc) parameter space.
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