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Dynamics of A + B — C reaction fronts under radial advection in a Poiseuille flow
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A+ B — C reaction fronts describe a wide variety of natural and engineered dynamics, according to the
specific nature of reactants and product. Recent works have shown that the properties of such reaction fronts
depend on the system geometry, by focusing on one-dimensional plug flow radial injection. Here, we extend the
theoretical formulation to radial deformation in two-dimensional systems. Specifically, we study the effect of
a Poiseuille advective velocity profile on A + B — C fronts when A is injected radially into B at a constant
flow rate in a confined axisymmetric system consisting of two parallel impermeable plates separated by a
thin gap. We analyze the front dynamics by computing the temporal evolution of the average over the gap of
the front position, the maximum production rate, and the front width. We further quantify the effects of the
nonuniform flow on the total amount of product, as well as on its radial concentration profile. Through analytical
and numerical analyses, we identify three distinct temporal regimes, namely (i) the early-time regime where the
front dynamics is independent of the reaction, (ii) the transient regime where the front properties result from
the interplay of reaction, diffusion that smooths the concentration gradients and advection, which stretches the
spatial distribution of the chemicals, and (iii) the long-time regime where Taylor dispersion occurs and the system

becomes equivalent to the one-dimensional plug flow case.

DOI: 10.1103/PhysRevE.104.044206

I. INTRODUCTION

Reaction-diffusion (RD) fronts are observed in a broad
variety of natural and engineered systems, e.g., in popula-
tion dynamics [1], disease spreading [2—4], biological pattern
formation [5], transport of ions in cells [6], nonlinear phe-
nomena in physics [7], combustion [8], finance [9], and more.
A 4+ B — C fronts are an important subset of RD fronts. They
develop when the reactants A and B, initially spatially sep-
arated, are transported through diffusion and react to form
the product C. Depending on the specific nature of A, B,
and C, this class of fronts is found in several problems in
geochemistry [10], catalysis [11], atmospheric chemistry [12],
and ecological [13] and environmental problems [14], to name
a few.

So far, the dynamics of A+ B — C fronts has typically
been studied theoretically for simple one-dimensional (1D)
geometries, that is, by assuming invariance in the other two
spatial dimensions. Galfi and Récz [15] paved the way to
the study of A + B — C reaction-diffusion fronts in the 1D
rectilinear geometry, where the initial contact zone between
the reactants is planar and the reactants are transported only
through molecular diffusion. Their theoretical predictions on
the evolution of the front position and shape have meanwhile
found numerical [16] and experimental [17,18] confirmation.

Recently, the case of radial reaction-diffusion-advection
(RDA) A + B — C fronts has started to be analyzed due to
their ubiquity in a large variety of systems, including, e.g.,
infectious disease propagation on complex networks [19],
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reactions on droplets [20], Liesegang rings [21,22], CO,
mineralization in soils [23], or material synthesis in nonequi-
librium conditions [24-27], to cite a few. Specifically,
theoretical analysis of the front dynamics has started to be
tackled in the case of 1D radial symmetry with diffusive
transport [21,22,28]. Advected fronts developing when A is
injected radially at a constant flow rate into B in systems with
polar [29-31] or spherical [32] symmetry have further been
addressed.

The 1D polar theory [29,30] assumes that the equations
that govern the front dynamics depend on the radial coor-
dinate only. When transport and reaction occur in a volume
delimited by two parallel plates, this is equivalent to assuming
a plug flow. However, experiments that were carried out in
Hele-Shaw cells [29,33] show that the 1D plug flow model
underestimates the measured amount of product, as it does not
account for enhanced transverse mixing. The authors suggest
that this discrepancy can be traced back to the heterogeneity
of the velocity field across the gap, which cannot be embraced
by 1D models. Several experimental [34,35] and theoretical
[36-38] studies have tackled the problem of A + B — C dy-
namics in Poiseuille flows, as a base example of microscale
reactive transport processes in porous or fractured media.
However, these works considered either a rectilinear injection
of A into B [34] or a relaxation of a reaction-diffusion front
in a radial geometry after stopping the injection of A into
B when reaching a given radius [35]. In the radial advective
geometry, the velocity field depends both on the distance from
the plates in the gap and on the radial distance from the
inlet. Understanding the impact of such nonuniform veloci-
ties on the dynamics of the reactive fronts remains an open
problem.
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FIG. 1. Schematic illustration of the system. (a) Top view show-
ing in the (X, y) plane the reactant A injected radially with a velocity
v,(7, ) into the reactant B. The product C is generated in the miscible
contact zone between the reactants. (b) Lateral view of the velocity
field, showing the Poiseuille profile in the (7, Z) coordinate system.

In this context, we study theoretically the properties of
radial A + B — C reaction-diffusion-advection fronts in a 2D
axisymmetric confined geometry when the laminar injection
generates a Poiseuille velocity field v, (7, z); see Fig. 1. The
reactant A is injected into B at a constant flow rate Q and all
the species have the same mobility properties. The Poiseuille
flow deforms the reaction front in the gap of the reactor as
reactants and products are initially transported at different
velocities, depending on their position along the gap. As a
result, the curvature of the front and its length increase due to
advective stretching. At later times, this effect is contrasted by
transverse diffusion along the gap, which makes reactants and
product move across the flow lines. Then, the system evolves
toward a Taylor dispersion regime, where the dependence
on Z is lost and the dynamics is conveniently described by
the radial 1D theory. We study the temporal evolution of the
front characteristics, namely its position, the maximum of the
production rate, and its width across these three successive
regimes. We characterize them analytically and numerically
in terms of their respective temporal scalings.

This paper is structured as follows. Section II introduces
the model and its nondimensionalization and presents the
relevant timescales and the observables that are analyzed
throughout the paper. Section III describes the front dynam-
ics. In Sec. IV, we study the long-time regime, whereas
the preasymptotic dynamics is analyzed in Sec. V. Finally,
Sec. VI summarizes the key findings and concludes the paper.

II. MODEL

We consider a 2-dimensional axisymmetric system con-
fined by two impermeable plates located at Z = 4-//2, where
7 is the coordinate along the vertical axis; see Fig. 1. The
system conveniently describes, for instance, the geometry of a
Hele-Shaw cell. This reactor is initially filled by a reactant B in
dimensional concentration by. A reactant A in initial concen-
tration ay is injected radially into the cell from a point source
located at the center of the system at a constant flow rate
Q. The product C is created by the irreversible A + B — C
reaction upon contact of the reactants. All the species
are transported by passive advection and diffusion. Their

dynamics is governed by the following set of coupled dimen-
sional partial differential equations (PDEs),

da+ (-V)a= Davza — kab, (1a)
%b+ (v - V)b = D,V?*b — kab, (1b)
3¢ + (- V)é = D.V?¢ + kab, (1c)

where @, b, and ¢ are the dimensional concentrations of the
corresponding species, D,, D;, and D, are their diffusion
coefficients, k is the kinetic constant of the reaction, v is the
advective velocity, and f is the dimensional time. Throughout
this paper, all dimensional quantities, except the diffusion
coefficients and k, are denoted by an overline. For the sake
of simplicity, we assume that all species share the same
mobility properties by considering the same diffusion coef-
ficient, namely D = D, = D;, = D.. Flow incompressibility,
ie., V-9 =0, and radial symmetry are assumed. Therefore,
the only nonzero component of the velocity field is the radial
component, i.e., ¥ = v,(7, Z7)e,, where e, is the unit radial
vector. Specifically, v defines a Poiseuille flow along the radial
direction with

o 47> o 30

5,(7.2) = vm<r><1 = ) A== @
where v,,(7) is the maximum velocity of the flow located at
z = 01[39,40].

Dimensionless system

The nondimensionalization of the governing equations is
carried out by rescaling time by 7 = 1/kap and space by
¢ =4+/D7.In addition, all concentrations are rescaled by the
initial concentration ay of the injected reactant. Thus, the
initial dimensionless concentration of the reactant B is given
by y = by/dy. The dimensionless governing equations are
derived from (1) and read

da+ (v, — 1/r)d,a = 87a + 32a — ab, (3a)
&b+ (v, — 1/r)d,b = 8*b+ 32b — ab, (3b)
dc+ (v, — 1/r)dc = d}c + 3¢ + ab, (3c)

where ¢, r, and z are the dimensionless time, radial, and
vertical coordinates, respectively, and v, is the radial dimen-
sionless velocity

3 422 )
vr<r,z>=2—f(1—h—i>, 0--2_ .

where h = h/¢ is the dimensionless aperture gap. We solve
the coupled PDEs (3) numerically with the initial conditions
a(r >0,z,0)=b(r > 0,z,0) =c(r,z,0) =0, a(lr >
0,z,0)=1, and b(r > 0,z,0) =y, while the boundary
conditions are a(r — 0,z,t) =1, a(r - o0, z,t) = b(r —
0,z,t)=c(r > 0,z,t) =c(r - 00,z,t) = d.a(r,z = £h/
2,t) = 0,b(r,z = +h/2,t) = 0,¢(r,z = £h/2,t) =0, and
b(r > 00,z,t) =y. The three parameters that control
the system are the nondimensional flow rate Q, the
nondimensional gap height #, and the ratio y between the
initial concentrations of B and A. The numerical computations
are carried out through an in-house 2D solver written in C and
based on the forward time centered space (FTCS) scheme.
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FIG. 2. Concentration c¢(r, z) attimes (a)t = 1,(b)t = 6,(c)t =
40, and (d) r = 1585 for Q = 10, y = 1, and h = 10. The segment
in panel (a) shows the distance d = 7.(z = h/2) — 7.(z = 0).

The mesh is composed of N, x N, nodes, with N, = h/Az
and N, = L/Ar. For the computations shown in this paper,
the radial domain size L varies in the range 500-2500 and
it increases for increasing Q, while the spatial discretization
steps are Ar = Az=0.1 and the temporal integration
step At is chosen according to the configuration to ensure
convergence. Average quantities across the gap are computed
as the arithmetic mean over the nodes with the same radial
index.

III. FRONT DYNAMICS

The dynamics of the reaction front is illustrated in Fig. 2
through snapshots of the product concentration at different
times. Reactant A is injected into B as a line at r = 0. By
effect of the Poiseuille flow, which transports the reactants
at a different velocity according to their position along z,
the initially rectilinear interface along z is deformed along
the curved shape shown in Fig. 2(a). Both the reactants and
the product also diffuse across the gap exploring different
flow lines. At longer times all reactants have equally expe-
rienced all the velocity variability within the gap. Therefore,
the concentration distribution becomes homogeneous across
the gap; see Fig. 2(d). This effect was first studied by Taylor
[41] for conservative transport in a channel, and it is therefore
known as Taylor dispersion. Some authors have generalized
this process to reactive transport [38,42] in a channel. Here,
we show that Taylor dispersion also arises when A is injected
radially into B. We quantify this process through the temporal
evolution of the curvature Q(t) = d(t)/h?, shown in Fig. 3,
where d(t) = 7.(z = h/2,t) — 7.(z = 0, 1), see Fig. 2(a), and
7. is the radial position at which the concentration of C at a
given z is maximum. We observe that the curvature grows as
t1/2 in the early-time regime, it reaches a maximum, and then
decreases as t /2 in the long-time limit. In this asymptotic
limit, the homogeneity along the gap allows us to treat the
advective transport as that of a plug flow, i.e., to consider a
1D system with radial symmetry such as in [29,30].
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FIG. 3. Temporal evolution of the curvature €2 of the concentra-
tion profile of C for y = 1 and various Q and 4. Inset: Log-log plot.

Observables

To characterize the dynamics of A+ B — C reaction
fronts in the described system, we study the temporal evolu-
tion of observables averaged over the aperture gap, i.e., along
the z direction. For a generic function f(z), the average over
the gap is defined as

h2

i f(2)dz. (5)

First, we introduce the radial position of the front, r¢(¢), which
is classically defined as the position where the concentrations
of A and B are equal [15,43],

(a)(rg, 1) = (b)(ry, 1). (6)

In this work, we also consider a different definition of the front
position, which can be of more practical use in experimen-
tal setups. In reaction-diffusion-advection experiments carried
out in a Hele-Shaw cell [29,33,35], the concentration profile
of the product C is indeed typically the only visible variable
that can be quantified. Hence, it is convenient to introduce the
radial front position r. as the radial distance from the inlet
where the average concentration (c) is maximum,

Cmax (1) = max ({e)(r, 1)), {)(re, 1) = emax(D). - (7)
The average over the gap of the dimensionless production
rate can be performed in two ways, either by multiplying the
average of the concentrations or by averaging the product of
the concentrations of A and B, i.e.,

R(r,t) = (a)(b), R(r,t) = (ab). (8)

The maximum values of these quantities along the radial di-
rection r are denoted with R™* and R™*, respectively.

The size of the front can be quantified through the radial
width of the production rate or the width of the radial concen-
tration profile of C. Specifically, let w, W, and w,. be the width
at half height of R, R, and (c), respectively. The quantities
introduced in this section are shown in Fig. 4. Finally, the total
amount of product is obtained by integrating the concentration
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FIG. 4. Radial averaged concentration profiles and production
rates computed at = 630 for the following set of parameters:
Q0=10,y =1,and h = 20.

of the product C over the entire domain,

n/2 00
ne(t) = Zn/ dz/ re(r, z, t)dr,
0

—h/2

€))

where 27 accounts for the azimuthal integration, due to
cylindrical symmetry. The dynamics of RDA fronts is char-
acterized by three distinct temporal regimes, namely (i) the
early-time (diffusion) regime, (ii) the transient (Poiseuille)
regime, and (iii) the long-time (dispersion or Taylor) regime.
In the following, each regime is described in terms of the
temporal scalings of the observables presented in this section.

IV. LONG-TIME FRONT DYNAMICS

Figure 2(d) shows that, at long times, the concentrations
are homogeneous along the gap. The system is thus equivalent
to the 1D case of a plug flow for which scalings in radial
flows have been recently derived [29]. We start the analysis
of such RDA fronts by studying the asymptotic limit ¢t — oo,
in analogy with the studies on polar [29] and spherical [32] ge-
ometry. The early-time limit and the transient regime, which
are affected by the Poiseuille profile, are studied subsequently.
In the limit of large ¢, the temporal evolution of the z-averaged
concentrations can be described in terms of the following set
of approximated equations,
Q 1a,a— 3a+ab=E|d*a— lB,a
r L r
2.b 0-1 2 I -

b+ Ta,b —0;b+ab=E|0;b— ;8,17 ,  (10b)

0;a +

. (10a)

e
3¢ — —d,c
r

9+ Q dc—dc—ab=E . (10¢)

where E = Q?h*/210r> and we have dropped the average
signs for shortness. These equations are derived in Appendix
A by assuming small initial concentrations a, and shallow
gap height 7. However, as we show in Fig. 5, the set of
equations (10) approximates well the system dynamics even
when the conditions for which these equations are derived are
relaxed. Notice that when the front has traveled a distance

1T ~ e =
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FIG. 5. Comparison between the average concentrations com-
puted by solving numerically the full (3) and the approximated model
(10) for Q = 100, h = 26,y = l att = 10*.

r > +/210Qh, the terms on the right-hand side of Egs. (10)
become negligible and we retrieve the same set of equations
that describes the front dynamics for the A + B — C reaction
in 1D when the reactants and the products undergo diffusion
and passive radial advection [29]. This means that far from
the injection point, the system reaches a dispersive regime in
which the properties of the front do not depend on the position
z along the gap. This is analogous to Taylor dispersion [41],

which holds for conservative tracer transport in Poiseuille
flows.

A. Front position

In the long-time dispersive regime, the behavior of the
observables is the one derived for 1D radial injection in [29].
The asymptotic long-time front position ry 4 is given by

. (@
rra(t) =2vKr  with K=Q1<E,$), (11)

where the index A stands for asymptotic long time and
O~ !(a, x) is the unique solution for y > 0 with 0 < x < 1 and
a > 0of the equation x = Q(«, y), where Q@ = I'(«, x) /T (),
['(«, x), and T'(«) are the regularized, incomplete, and com-
plete gamma functions, respectively [44]. Notice that for Q >
1 and y >~ 1, Eq. (11) reduces to [29]

_ — 172
rea(t) =~ 2%(9 4 l_yLQ> .

12
2 14y 2 (12)

As shown in Fig. 6, Eq. (11) is in good agreement with the
results obtained from numerical solutions of Eq. (3). Notice
that for fixed values of 4 and y, increasing the flow rate
Q induces a faster movement of the front, as A is injected
with a higher speed into B. In contrast, higher values of y
correspond to the slower progression of the front, since more
reactant A is needed to consume B at a given distance from
the injection site. The width & of the gap does not have any
impact on the front position. In this long-time regime, the
region of maximum concentration of the product C is located
at the front position, 7. 4 = 7y 4, regardless of the value of y
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RN (1) = R (1) ~ FKW; 23, (13)

where K = (14 y)I'"1(Q/2)K@~D/2e=X Figure 7 shows
the temporal evolution of R™ and R™ obtained by solving
Egs. (3) numerically. Notice that for large flow rates, the max-
imum production rate is essentially independent of Q in the
long-time regime and is fully governed by the reaction process
through the dependence on y. We observe that while R™3*
directly switches from the early-time behavior to the long-
time regime, R™* exhibits an intermediate-regime behavior.
In Appendix B we show that R > R pointwise and therefore
R™ > RM3ag is clearly seen in this intermediate regime.

C. Front width

The temporal evolution of w and @, shown in Fig. 8,
exhibits a different behavior in the transient and short-time
regimes, while their asymptotic long-time limits, wy and iy,
converge to

wy = Wy ~ 7K 1310, (14)
as for the 1D polar fronts case [29].

In Appendix C, we show that the width of the radial
gradient of (#) = (a — b) is given in the long-time limit by
Eq. (C17). Because the width of the radial profile of (c)
exhibits a similar behavior, we describe its temporal evolution

by using the same functional as done in [33]. Hence, we find
that the width w,, shown in Fig. 9, of the average radial con-

FIG. 7. Temporal evolution of (a) R™* and (b) R™**. The dashed
lines represent Eq. (13), the dashed-dotted lines represent Eq. (25).

centration profile (c) is approximated in the long-time limit
by

4 Oh?
Wera(t) = ¢y [ 3t + e le= 75

1/1—y)\* 1-—
o) =~(—X) +003(—Y)+123 (@5b)
4 2\1+y l+y

(15a)

where ¢, is obtained through numerical fitting, as shown in
the inset of Fig. 9. The index TA stands for transient and
asymptotic long-time regimes. Notice that the coefficient 4/3
in Eq. (15a) accounts for the long-time limit of w, in the 1D
polar case, i.e., wl} = \/4/3, as shown in Appendix D. In
dimensional units, Eq. (15a) reads

o 4 Oh
wCA,TA(t) =cCy §Dl‘ + Dt., t.= m

For y =1, the latter expression is approximated as W, 4 =

V/2Dt(1 4 3t./4t). Notice that Eq. (15a) also describes w, in

the transient regime, for ¢ < 7., as we will discuss in Sec. V B.

(16)

D. Total amount of product

In the long-time regime, the calculation of the total
amount of product given by Eq. (9) simplifies to n.4(t) =
2mh f rc(r, t)dr due the independence of z of the concen-
tration of C. Hence, the following result from the 1D polar
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FIG. 8. Temporal evolution of (a) w and (b) w. The dashed lines
represent Eq. (14), the dashed-dotted lines represent Eqgs. (26) and
27).

system holds [29]:

116
nea(t) = —ahK(Q, YIK2(Q, y)t. (17)

The coefficient « ~ 1.1 is a constant whose value is obtained
by fitting the numerical results shown in Fig. 10. Experimental
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FIG. 9. Temporal evolution of w,. The dashed lines represent
Eq. (15a) and the dashed-dotted lines represent Eq. (28). Inset: Coef-
ficient ¢, obtained from numerical computations with Q = 100 and
h = 20. The solid line represents Eq. (15b).
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FIG. 10. Temporal evolution of the total amount of product. The
dashed lines represent Eq. (17). The dashed-dotted lines represent
Eq. (29).

data of Ref. [33] show that the dimensional total amount of
product can be expressed in terms of the injected volume V=
Ot of A through the linear relation

Sw=j()QF®  (18)

where j, B, and p are fitting parameters. In dimensionless
units, Eq. (18) reads

fiea(V) = apSuV + p,

nea(V)=SaV +p, V =2mhQr, (19)

where 71,4 and p are both rescaled by AR Experiments
showed that g ~ 1/2 for small gaps, and 8 < 1/2 for large
values of /1 [33]. This is confirmed by our numerical computa-
tions, for which the dependence of the slope Sy, on Q is shown
in Fig. 11. For values of y in the range [0.1-10], the coefficient
Jj(y) can be approximated with (see the inset of Fig. 11)

j(y) ~ 0.57In(1 + 4.5y). (20)

This expression is similar to what was found in [29], where the
value B = 1/2 was used. The difference in the multiplicative
coefficient that we observe here is traced back to the use of the

T —
~~~~~~ h=2 Sp=1.1 Q%
- h=10 — S,=1.0Q%"
~~~~~~~~ h=20 Sp=1.0 Q%%
S h =50 Sa=07Q%
= Ty
- -1 2 -0 M 1
o 1071 a’/’dd
N [ -
- L~ 1 e 9
2] b= -
sx102l " ost ios
oL o Numerics |
b N —-- Eq.(20)
9 1 1
107 10° 10’
. Y
2x1072 b B
10 10
Q

FIG. 11. Total amount of product as a function of the injected
volume of A from numerical computations. The lines represent
Eq. (19). Inset: Fit of Sy, obtained from numerical analysis with

y =1
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value of B(h) obtained from the numerical fit of Sy, and which
is slightly different from 1/2 (e.g., B = 0.46 for h = 20).

V. PREASYMPTOTIC DYNAMICS

The temporal evolution of the system at preasymptotic
times is characterized by two distinct regimes, namely the
early-time and the transient-time regimes. The analytical
derivation of the results relative to the early-time regime is
carried out in Appendix E.

A. The early-time regime

For 1D polar [29,31] and spherical [32] systems, the early-
time regime is characterized by a small amount of diffusive
mixing and thus solutions for the concentration fields a and b
are obtained by neglecting the reaction term in the governing
PDE:s. The derivation of analytical early-time solutions is car-
ried out in Appendix E by assuming that transverse diffusion
can be neglected in this regime. This means that transport
occurs along independent streamlines. In the following, we
summarize the analytical results and the numerical computa-
tion analysis for the early-time regime.

1. Front position

We indicate the early-time limit of the front position as rsg.
In Appendix E, we show that it can be approximated as

rre(t) ~ 24/ Ket, (21a)
090

=—=_ fi I,y >1, (2lb

E= 106y orQ>» 1,y 2 (21b)

where the index E stands for early time. Notice that Eq. (21a)
has the same form as for the long-time 1D polar system [29],
except that the specific expression of Kp is different. When
the reactants A and B are in equal initial concentration, i.e.,
when y = 1, Eq. (21a) reduces to

ree(y =1) = /2250, 22)

The radial position r. where the average concentration of
the product is maximum scales at early times as r, = r, g X
Q'2¢172_ 1t is not surprising that this quantity exhibits the
same dependence on the flow rate as ry . However, numerical
computations (see Fig. 6) show that r, z does not depend sig-
nificantly on y, which means that it only depends on transport
and not on reaction parameters. We obtain

rep(t) =c (Q)'? ~ 302112, (23)

where ¢, (Q) is determined numerically and shown in Fig. 12.
By comparing Eqgs. (21a), (21b), and (23) we observe that r. g
is delayed with respect to s g when y < 1/2, and advanced
otherwise.

2. Production rate

Because in this early-time regime we neglect the reac-
tion term in Eq. (3), the equations for a and b are identical.
Hence, if ag is a solution that satisfies the boundary con-
ditions ar(0,z,t) =1 and ag(r — 00, z,t) =0, then b =
y (1 — ag) is also a solution that satisfies the boundary con-
ditions bg(0, z,t) = 0 and bg(r — 00, z,t) = y. Hence, the

— ‘ — ‘ —
46— 503
[ % ¢ —  (2.49+0.215*Q)/(1+0.055*Q) 7 1
,"/

20 J

/"/
S 10 //,/’// -
S //,// 1
5 1

2 Lo L L L L L M|

10' 10?

Q

FIG. 12. Coefficients of ¢, and ¢, from numerical results ob-
tained from different values of Q € [10, 500], y € [0.1,4], and &k €
[10, 200].

production rate at early times reduces to
RE(rs <, t) = aE(rv <5 t)bE(rv <5 t)
=yagp(r,z, )1 —ag(r,z,1)]. (24

Its maximum along the radial direction is obtained by set-
ting 0,Rg|r=r,,, = 0, where ry,x is the radial coordinate of
the maximum of Rg. This implies a(r, z,t) = 1/2 and thus
b(r,z,t) = y /2. Since these quantities do not depend on z,
Rp*™ = max({(ag)(bg)) and R?a" = max({agbg)) are equal
and

Y
1
Figure 7 shows the good agreement between Eq. (25) and the
numerical solutions of Eq. (3) at short time. In this regime, the
production rate is constant and it increases as y is increased,
which can be traced back to the larger availability of reactants.
These results confirm that the maximum production rate at
early times does not depend on the geometry of the system.
Indeed, the same result was found for rectilinear reaction-
diffusion fronts [45], as well as for 1D polar [29,31] and
spherical [32] reaction-diffusion-advection fronts.

max __ pmax __
RE - RE -

(25)

3. Reaction front width

The reaction front width at early times is defined here as
the width at half height of the production rate. Because the
definition of the latter is twofold, we define wg as the width
of Rg = (a)(b) and W as the width of Rg = (ab). In this
early-time regime, both quantities increase as ¢'/2. Indeed, this
scaling appears to be independent of the geometry, as it holds
for rectilinear RD fronts [45], and 1D polar [29,31] and spher-
ical [32] RDA fronts. However, the multiplicative coefficients
depend on the geometry. In Appendix E, we derive that the
width wg of Rg grows at early times as

wg >~ 0.78 0'/%'/?, (26)

as shown in Fig. 8(a). Notice that increasing the flow rate leads
to a wider Ry profile. In contrast, numerical results show that
wg does not depend on the system parameters. This feature
was also observed for the early-time front width in spherical
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geometry [32]. The multiplicative constant depends on the
geometry of the system. Here, by fitting on the numerical
solution shown in Fig. 8(b), we find

g ~2.1¢"2% (27)
The width at half height of the average product (c) at early
times also scales as ¢!/2
2.49 +0.2150
14 0.055Q °’
where ¢, (Q) is a real coefficient determined numerically. The

temporal evolution of w, g at early times is shown in Fig. 9,
while the coefficient ¢,, is shown in Fig. 12.

we e = (@) t'?, ¢, (Q) ~ (28)

4. Total amount of product

The total amount of product n. exhibits a ballistic growth
in the early-time regime, n.p o< yhQ'/?t%>. This scaling is
characteristic of 1D polar injection in the early-time regime
[29]. The effect of the nonhomogeneous flow field along z on
the total amount of product appears only in the multiplicative
constant. As shown in Appendix E, we have

373

nep(t) ~ I yhQ'*t?. (29)

Numerical results are shown in Fig. 10, where good agreement
with Eq. (29) is observed.

B. The transient-time regime

In the transient-time regime, the Poiseuille flow field bends
the concentration profiles along z. This regime lasts until
diffusion along z has homogenized the concentrations across
the gap, thus until the occurrence of Taylor dispersion. The
presence of a curvature in the z-direction concentration pro-
files has two fundamental consequences. First, it makes the 1D
polar theories developed in [29,31], which assume the sym-
metry along the z axis, not applicable for this regime. Second,
it has a different impact on average quantities, according to
how the average is computed. In fact, the production rates
R = (a)(b) and R = (ab) exhibit significant differences in the
transient regime, as explained in Sec. IV, which is reflected
in the maximum production rates R™* and R™%, as well as in
the front widths w and @, as shown in Fig. 13.

Specifically, tilded quantities diverge from the 1D polar
behavior less than the corresponding nontilded quantities. It
is not surprising that the deviation from the 1D polar case is
larger for larger values of the gap aperture /. Because fronts
dynamics in the transient regime is strongly nonlinear, analyt-
ical expressions are not trivial to find. Nevertheless, Eq. (15a)
describes the evolution of w, in the transient and the long-time
regimes. The time 7. represents a transition timescale, as we
shall discuss in Sec. VC. For ¢ <t., a plateau is observed
which indicates that the width of C does not vary in time. In
fact, in this regime the front progresses radially but does not
spread around its mean position. This is due to the contrasting
effect of diffusion, which enhances spreading, and reaction
that consumes the outermost part of reactant A. Equation (15a)
reproduces with good agreement the numerical results, as
shown in Fig. 9. Notice that in order for the transient regime to
be observed, a condition on the transition timescales must be
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FIG. 13. Temporal evolution of R™*, R w, and @ for Q = 10
and y = 1.

fulfilled. Specifically, we must require that z, be much larger
than the transition timescale g7 between the early- and the
transient-time regimes.

C. Transition timescales

The transition time fgp between the early and the transient
regime can be estimated by using the early-time and the
asymptotic long-time expressions of R™>*, in analogy to what
was done for spherical fronts [32]. Indeed, as we showed in
the previous section, R™* behaves in the same way in the
transient- and in the long-time regimes. Thus, by equating the
right-hand side terms of Eqgs. (25) and (13), we get

232+/29K2 o1 464+/29

ot =" = ey M y/N2D. G0)
. . o>1
where the approximation K =~ /2In(l 4 y/+/2m) was
used [29].

We can define the transition time between the transient-
and the long-time regimes in two ways. According to the
first definition, the transition time is the time f7, at which the
Taylor regime arises. It is found by requiring that E(r) < 1 in
Eq. (10). In Appendix A, we show that

Q2 h2
trg= ————. 31
7 840K(Q. y) Gh
According to this definition, the condition to observe the
transient-time regime 7, > fgr reads

20 K2(0,9)K(Q, y)
Y3430 :

h>h(Q,y)x~ (32)
For Q0> 1, we can use the approximation [29]
K'Y2(Q, v)K(Q, v) = j(y)Q'?, where j(y) is given by
Eq. (20), while for Q — 0, K'72(Q, y)K(Q, y)/Q — 1/2.
Thus, we obtain

—z/Anz(Ql)/z s Q > 1,

oK1 53

he(Q, V)N:

o
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FIG. 14. Temporal evolution of w and w, The solid lines are the
transition time (31) and the dashed lines indicate the transition time
(15a).

Notice that for small flow rates, the value of the critical gap
width A, beyond which the transient-time regime is observed
does not depend on Q. For example, by using Eq. (32), we
find h. = 5.7 for y = 1 and Q = 10, which explains why the
transient regime is not visible in Fig. 9 for h = 10, which is
not large enough compared to /.. In contrast, it is visible for
Q0 =500,y =1, =10 since h, = 0.8.

The second definition of the transition time between the
transient- and the long-time regimes is based on the temporal
evolution of the product width w.. We indicate this time scale
by 7. as defined in Eq. (15a). These timescales are shown in
Fig. 14 for two distinct sets of parameters. Notice that because
K(Q, g) ~ Q/2 when Q > 1 [29], t. and t7, differ only by a
constant factor at large flow rates. For experimental purposes,
however, the choice of 7., Eq. (15a), as the transition time is
preferable, as it directly refers to the width w,. of the product,
a quantity that can be measured in laboratory experiments.

To provide an example of the timescales at which the
different time regimes arise in real laboratory conditions, we
refer to the recent experiment presented in Ref. [33], where
for @y = 0.03 M and k = 200 M~! s~! the characteristic time
of the reaction is 7 = 0.167 s. The diffusion coefficient in
the experiment is D = 4 x 107! m?/s. The smallest flow rate
used is @ = 0.01 mL/min, which, in virtue of Eq. (4), implies
Q =~ 368, so that the approximations for Q > 1 hold. Hence,
by using Eq. (30), the dimensional transition timescale gt
between the early- and the transient-time regimes is fgr =
ttgr =~ 0.15 s. Notice that this time increases if the reactant
A is in a smaller initial concentration and/or if the reaction is
slower, i.e., for smaller values of the kinetic constant k.

By using Eq. (16), we estimate the dimensional transition
time 7. between the transient- and the long-time asymptotic
regimes. We use the narrowest gap used in Ref. [33], namely
h=0.18 mm, and 0 = 0.01 mL/min, and we obtain 7, >~
260 s. This timescale is larger for larger values of the flow
rate and for higher gaps.

VI. CONCLUSIONS

We have studied the effect of a nonuniform advection field
on the dynamics of A+ B — C fronts when A is injected

radially into B. To this end, we have considered the Poiseuille
flow as it describes the velocity field in a volume confined by
two parallel plates, such as in a Hele-Shaw cell. The interplay
between transport and reaction processes gives rise to a com-
plex front dynamics, which we have characterized from the
numerical and theoretical viewpoints. To derive predictions
that can provide relevant insight to experimental works, we
have studied the behavior of the observables averaged over
the gap separating the boundaries. Specifically, we have per-
formed the analysis of the front position, the maximum and
the width of the production rate, the position and the width
of the radial concentration profile of the product, as well as
its total amount. This analysis reveals the occurrence of three
distinct temporal regimes.

The early-time regime is characterized by a small amount
of mixing of the reactants. Therefore, the impact of reaction
is also small. In this regime, the vertically averaged front
position 7 ¢ and the position 7, of maximum product con-
centration both scale as #'/2, as expressed in Egs. (21a) and
(23), respectively. The same temporal scaling is observed for
the front width wg and wg, as well as the width w,. of the
product profile, see Eqgs. (26)—(28), while the total amount of
product n. g ~ 12 (29). While these are common features of
1D radial fronts, the multiplicative coefficients of the various
scalings depend on the specific geometry, hence on the veloc-
ity profile. In contrast, the maximum of the production rate
Rp™ = R?ax = y /4 is independent of the geometry.

The transient regime is characterized by the interplay of
diffusion, advection, and reaction. In this regime, the concen-
tration profiles of the reactants are bent and stretched by the
Poiseuille flow. On the other hand, diffusion tends to smooth
the gradients of concentration. These contrasting mechanisms
enhance the formation of the plateau that is observed in the
temporal evolution of w,, Eq. (15a). In this and the follow-
ing regime, reaction is important and it opposes itself to the
front expansion due to passive advection. Because of these
processes, the front dynamics in the transient regime is com-
plex and it has been described from a numerical point of
view.

Finally, in the long-time regime, we retrieve the same dy-
namics as in the purely 1D radial system. This is explained in
terms of Taylor dispersion, generalized here to the considered
radial reactive system. This means that in the long-time limit,
transverse diffusion homogenizes the system in the z direction
and the problem becomes effectively one-dimensional. As a
consequence, all the analytical results for the 1D polar system
[29] apply here in this asymptotic limit. As for the other radial
front systems, and in contrast to rectilinear injection, the flow
rate Q can here be tuned to control the front dynamics as well
as the total amount of product.

The results presented in this work shed light on the impact
of nonuniform velocity fields on 2D radial reaction fronts
and can be used as predictive tools to analyze experimental
data.
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APPENDIX A: TAYLOR DISPERSION

The system is characterized by four distinct timescales,
namely

(i) the chemical timescale: T = 1/kay;

(i) the diffusion time along z: fp = h*/D;

(iii) the advection time: Ty = p/0,,();

(iv) the diffusion time along r: Tp = p>/D;
where v,, is given by Eq. (2) and p is a characteristic length
scale of advection that is typically much larger than the aper-
ture gap 4 and

30 h
Um(p) = —Q e=-<K 1L (A1)
4 hp o
Hence, Tp > fp. Moreover, in the radial direction advection
occurs on a shorter timescale than diffusion, i.e., Ty < Tp,

when
4
0 > 3mhD. (A2)

Condition (A2) establishes the smallest flow rate that is
needed to observe Taylor dispersion. For 2 = 0.5 mm and
D =107 m?/s, the minimum flow rate is QO ~ 10~'2 m3/s
=1 nl/s. We consider here systems for which 7p < 7 ~
T, <« Tp, which is satisfied when 4 or k are small and Q
is large enough [see Eq. (A2)]. The long-time dynamics is
characterized by two distinct timescales, namely the advection
time 7 and the dispersion time 7p.

The dimensional equation for the conservative component
it = a — b is obtained by subtracting Eq. (1b) from Eq. (1a),

o + (v - V)i = DV%a. (A3)

The initial and boundary conditions for u are derived from
those of the reactant concentrations and read u(r, z,0) =1 —
4+ y)H@), u(r=0,z,t) =1, u(r - 00,z,t) = —y, and
ou(r,z==xh/2,t) =0, where H(-) is the Heaviside func-
tion. In order to derive equations for the z-averaged concen-
trations in the long-time regime, we perform a multiple-scale
analysis for 7 > T. First, we nondimensionalize the equations
by rescaling the lengths and times as

z=z/h, [=1t/Ty,

and the velocity, given in Eq. (2), as

F=7/p, F=1/Ty, (A4)

- -~ -~ - -~ N(Z) ~

vr(_pr,_pz) _ l)_m('()_r)TJ£Z)(Z) _ w
V() V(D)

with 9@(2) = 1 —47%,

v,(7,2) = . (A5a)

(A5b)

and where tilde denotes nondimensional quantities. Concen-
trations are rescaled by the initial concentration of A as in
the main text. Hence, by substituting these expressions into
Egs. (1a) and (A3) we get for a and u

Pe(p) da N % da
c €| —
o a7 =

7 or
9%2a 1da 0%a  Pe(p)
_ 2
_G[WJFEE]“LB_ZZ_ catamw (A0

and

Pe(7) u n % Ju ,[0%u  10u n 0%u A7)

e(p)e| — — | =€ —=+-= —,
P38 T F oF o2 " For | oZ

where Pe(p) = 0,,(p)h/D is the Péclet number. We assume

that all terms are of order 1, except for € << 1. Hence, Pe(p)

is assumed of order 1 and by using Eq. (A1) we obtain

p ~ 30/(4nD). (A8)

Moreover, since Pe(p) is of order 1, we must have 7 of order
1 in Eq. (A6). Thus, T ~ T4 which implies

_ 301

P drh’ (43)
Since both Pe and % are of order 1, we have T ~ Pe. This
is equivalent to t ~ fp/€ which is consistent with the as-
sumption T 3> fp made above since € < 1. If this condition
is verified, then the term Pe/7 in Eq. (A6) is of order 1 and €
is the only small parameter. By combining Egs. (A8) and (A9)
we obtain i ~ 4s D? /(30kay), which implies small values of
k and/or Q and/or @ to have a value of 4 comparable to the
one used usually in experiments. In dimensionless units, the
condition reduces to 4 ~ Q~'/2. Although these requirements
are quite restrictive, we find that the approximated equations
(10) that we derive in the following hold on a much broader
domain of validity, as we showed in the main text.

We assume that the solutions depend on two different
timescales. A short timescale, o = 7, and a long timescale,
11 = €f, so that #; is of order 1 when 7, is of order e ' > 1.
Therefore, the time derivative becomes

07 = 0y, + €0;,. (A10)
In addition, we introduce the following expansion,
X =x0+ €x; + €2xy + 0(€), (A11)

where x stands for a or u. By substituting the expansions
(A10) and (A11) into Egs. (A6) and (A7) and solving order
by order up to the second order in €, we obtain the following

expressions.

Order €°:
#2a” =0 = a9 =a9F1,1), (Al2a)
Zu” =0 = U9 =u@F1,1n). (Al2b)

These equations imply that both @ and u® do not de-
pend on Z because of the zero-flux boundary conditions at the
reactor walls 3:a®|:_yy/» = 3:u®|:—py)p = 0.

Order €':

7@
Pe(p)[a;0a<°> + +8,~.a(0):|
r
Pe(p)
_ a2 (D 0,0 ©0)
= 0ia —Ta [a™ — u'™], (Al3a)

~(2)
Pe(,b)|:8,~ou(0) + v+a;u<°>} =a2u.  (A13b)
r

By averaging Eq. (A13) over Z using Eq. (5), the second-
order z-derivative terms cancel out because of the zero-flux
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boundary conditions at Z = +1/2. Thus, we obtain

<l~)(z)>
Pe(p)[afoa<°) + ;a7 + .
r T

<l~}(z)>
Pe([))|:8;0u(0) + +8;u(0)]
r

By subtracting these equations from Eq. (A13), we get
Pe(p)

v()3:a” = 92a",

P
6(10) v(3)0; u© 32214(1),

a©@® — )

(Alda)

(A14b)

(A15a)

(A15b)

where v(%) = 89 — (59) = 9@ — 2/3 is a measure of the nonuniformity of the advective field across the gap. By substituting

Eq. (A5D) into the latter, we obtain
v(E) = § — 42
Equations (A15) are solved by using the separation of variables method; i.e., let
Pe(p)
7

aV(F,2,10,11) = »aVH(Z),

:uVH (3).

i 2, 7 =

Substituting these expressions into Eq. (A15) implies in both cases

dZH(Z) = v(2),

(A16)

(Al7a)

(A17b)

(A18)

with d:H(Z) = 0 at Z = &1/2. Solving Eq. (A18) gives H(Z) = 72/6 — 7*/3 4+ cy. To compute the value of the integration

constant cy, we impose (H) = 0, so that (a') = (u'") = 0 and we obtain cy = —7/720, which implies
2
z Z 7
Ho =2 -2 L
@=%"3 70
Order €?:

da
Pe(,o)|:8 a® + o;.a® 40 i a(l):| =324 + T + 02a® +
I"

0)
Pe(p)[at W 4 8 4 5, u(l)i| = u® + —— ad + 92u®.
}"
Substituting the expressions (A17) into (A20), we obtain
Pe(HHE) (9% 59840  §092q©
Pe(/—)) G(Pz (Z) a _ vy - a + vy :[1 4 8{1(1(0)
9707, 72 7

Pe’ (p)H @)

dra

=07V + — +82 @+

070z, 72 7

Pe(p)H (Z) (3°u®  999; <°> 79 02u® dru'”
Pe(,?))[ <) (Z)< - Ryt >+aau(0>} = 2u® + T 4

Notice that Eq. (A14) provides expressions for d; a® and 6;,u® which we substitute into Eq. (A21) to get

2 0
Pe (p)H(z)v(z)( 52,0 _ >> + P a® = 32a 4+
7

72

Pe(p)H 3u® .
M( 2 (0) _ %) +Pe(l(_))ai~lu(0) = a?u(o) + — + 03

72
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[(u 0) 2a(0))3;a(0) _}_a(o)af_u(o)]

(A19)

(A20a)

(A20b)

(A21a)

(A21b)

(A22a)

(A22b)
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We perform the average over 7 of these equations by recalling that ® and «® do not depend on z. Hence

+ Pez(i))(i(i)v(i))
T

Pe’(p)(H (2)v(2))
7.2

Pe(p)d; a”

Pe(p)d; u'® +

ER 0) 9 (0)
<3§a<0) _ “~ ) = 924 + # (A23a)
r r
9 0) 9; (0)
(872u(0) _ O ) = 2@ 4 I (A23b)
Va r

where we used again the zero-flux boundary conditions at 7 = £1/2. Finally, we multiply Eqgs. (A23) by € and we sum them to

Eq. (A14), and we obtain

e 1 =
Pe(p)[a ra” +( - >a a? + - = (a @2 —a<°>u<°>)] = e[E (#32a” + E®, “”} (A24a)
r 7
7@ =
Pe(,o)[a cu® +( L >a u<°>] [E (7)02u® + E-@ )a “”} (A24b)
r 7
where d; = 9; + €9;, and
EL(F) = 1 FP*(p)(H R (@) /7 (A25)
The term (Hv) is computed by using Eq. (A19) and Eq. (A16) to obtain
12 1 ?o#7 2
HQZ)(z)) = | (- di = ——. A26
H@V@) /1/2 <3 “Ne ™3 720) ©T 7045 (A20)
Thus, Eq. (A25) reduces to
2Pe*(p) 2Pe*(p)p?
Ei=1+ = . A27
* 945 72 94572 (427

Notice that the average velocity across the gap is V,(F) =

(v,(7, 2)) = 20,,(7)/3. Therefore, by using the definition of the Péclet

number, we have Pe(p)p/7 = v,,(7)h/D = 3V,h/2D. Using this relation in Eq. (A27), we obtain

L=1=x

By converting Egs. (A24) to dimensional units, and recalling that a© — #® = 5, we find

0 + V,(r)3,a® — D[a?a“” + la-a“”] + ka5 = DE [a?a(‘” - la--“”}
r 7 r 7 7 )

0" + V()3 —

where E = V?h*/210D?. Finally, through the nondimension-
alization used in Sec. II, Eq. (A29a) transforms into Eq. (10).
The equations for the concentrations of B and C can be derived
analogously.

When E(r) = 0, these equations have the same form as
those governing the dynamics for 1D A + B — C fronts in
polar geometry [29]. We assume that the reaction occurs
in a region whose width, in the long-time limit, is much
smaller than the depletion zone [15,29,32]. Hence, u'® varies
significantly around r = r; and it is constant elsewhere. In
Sec. IV, we have shown that asymptotically r; =rp4 >~
24/Kt. Hence, by substituting this expression into the defi-
nition of E(r), we get

2,2 27,2

E(rf):Q—<< l, for t>>lTa:W.

A30
840Kt (A30)

APPENDIX B: COMPARISON OF R = (a)(b) AND R = (ab)

In this Appendix, we show that R > R pointwise. To do
so, we assume that a(r, z, t) and b(r, z, t) are decreasing and

\73(7);‘,2 (A28)
210D?°
- (A29a)
7
_ 1
[32 7 4 — a -<°>] = DE [afza@ - ;a;a“”}, (A29b)
7
[
increasing functions of z, respectively, i.e., d,a < 0 and 9,b >

0 for 0 < z < h/2. Figure 15 shows that this assumption is
true for different times and distances from the inlet.
By using the definitions of R and R, we obtain

1 h2 h/2

R(r,t) = —2/ a(r,z,t)dz/ b(r,z,t)dz, (Bla)
h* J_pp —hj2

8 12

R(r, 1) = —/ a(r, z,t)b(r, z, 1) dz. (B1b)
hJ_pp

We perform the change of variables { = z/h and we use the
symmetry of the system with respect to ¢ = 0. Thus, Eq. (B1)
reduce to

172 12
R(r,t) = 4/ a(r, ¢, t)d{/ b(r,¢,t)d¢, (B2a)
0 0

172
R(r,t) = 2/ a(r, &, 0)b(r, ¢, 1)dg. (B2b)
0
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FIG. 15. Concentration profiles along z € [0, i/2] for Q = 100,
h=50,and y = 1at(a)¢ = 1and (b) t = 4000.

We introduce the functions f; = a and f> = b,, — b, where
by, = b(r, ¢ =1/2,¢) is the maximum value of b for fixed
r and t. Both f and f, are thus decreasing functions of ¢.
Therefore, we can apply the Chebyshev inequality for inte-
grals ([46], p. 1065)

/fl(x)dx/ fz(x)dx~~/ Fu) dx

< —x)! / 2 ) H@) - fulx)dx,  (B3)

where we set x; = 0, x, = 1/2, and n = 2. Thus, we obtain

1/2 12
/ a(r,e“,t)d;“/ (. 1) — b(r, £.]d¢
0 0

1

1/2
gE/ a(rvgvt)[bm(rst)_b(rvgvt)]d§$ (B4)
0

which implies

12 12
/ a(r,{,t)d;/ b(r,¢,t)d¢
0 0

1 1/2
> 5/ a(r, ¢, Db(r, £, 1) d¢. (BS)
0

and, by using Eq. (B2), we finally get R(r, t) > R(r, 1).

APPENDIX C: WIDTH OF d(u)/dr

By subtracting Eq. (10b) from Eq. (10a), we obtain the
long-time expression for the average over z of u,

0, (u) + ?&(H) — 37 u) = E(r)[ff(u) - a,iu)} (C1)
where
_ Q2h2
E(r)= 21072 (C2)

To simplify the notation, in the following we will drop the an-
gular brackets and we will write u instead of (u#). We introduce
the change of variables & = [r — r¢(¢)]/t* for o > 0. Notice
that the temporal and radial derivatives of £ read

il 1d 2K

9 _ _Ldy o8 2K @
ot 1 dt t vyt

0

% _ e (C3b)
ar

where we have used the asymptotic limit (11) for ;. Thus, by
using this change of variables in Eq. (C1), we get

[+ E(ry + ra)]d—zu+[ T yaget 2
SO e T ry
_0+EG +f’°’>]’“}d_” — ()
r_f-i-ft“ d&

We consider now the limit # — oo for & fixed in order to
determine the value of «. If @ < 1/2, the coefficient of du/d&
vanishes for t — oo because ry ~ 12, which would lead to
d*u/d&* = 0, which does not admit physical solutions. On
the other hand, if @ > 1/2 the coefficient of du/d& diverges
fort — oo, leading to du/d& = 0, which also does not admit
physical solutions. Therefore, « = 1/2 and Eq. (C4) reads

d*u £ NG 2Kt

[1+E(rf+$~/?)]@+[§+rf+gﬁ+ ”
_[Q+EUy +sﬁ)]df}@ —o s
rf—f-é«/; dé_ ' ©)

The derivatives of u are nonzero only near r = r¢, so & cannot
assume large values. Therefore, we write

rr+EVE=ri(14 ), XZ%, (C6)

where x <« 1if Q > 1 since K ~ Q/2 and we expand to the
first order in x to get

[1 + o (1 — 25%)}1@

210/ rr
+ |:§+£<1_§_\/;)_Q\/Z<1_M)
2 }’f Vf Vf rf
QNI (38T | 2KV,
~ 3107 (1 -, ) + ” ]dgu =0. (C7)
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Rearranging the terms and using Eq. (11), we obtain

Q2h2 Q2h2§ 5 1 Q -1
1 - d =
[ * sa0kr ~ a0 |5 S0t Tax
2p2 1-— 2K 22
+ Q + Q + - Q dgu = 0
11202t 20K 1680/K3/2¢

(C8)

We recall that the equation for u is only valid in the long-
time limit, which is defined by the timescale (A30). Therefore,
we define t = 7 t7, where 7 2 1. By performing this change of
variable in Eq. (C8), we obtain

1 1 s 1 0-1 3
|:1+t (1—ﬁ):|dgu+|:§<z+w+4—lct_)

1-9+2K 1
VSIS

Recalling that C >~ Q/2 for O > 1 and y >~ 1 and that 7 is of
order one, by keeping the first correction only, we get

A(D)diu + Edzu =0,

i|dgu =0. (C9)

(C10)

where A(f)=1+17"' and the boundary conditions are
u(—o0) = 1 and u(oo) = —y. The solution of Eq. (C10) thus
reads (we now restore the angular brackets)

-y I+4y ( § )
(u(&)) 5 > A0 (C11)
By replacing f = ¢ /t7, into the expression of A(f), we obtain
At)y=1+ Q1 (C12)
4200

where we use L = Q/2. However, as shown in Fig. 16(a), a
nice agreement between Eq. (C11) and the numerical solution
of Eq. (C1) is obtained provided that we use
on’
Aty =1+ —.
® + 210¢
We do not have an explanation for this incorrect factor 2. We
will thus use Eq. (C13) in the following.
We consider now the radial gradient of 9, (u) and its width
w,, defined as the second centered moment of 9, (u),

Jo lr = rp(OF 0, (u) dr
1o 9 (uydr
1 % 5
= e [r —rp(@®)]70,(u) dr.

(C13)

wi(t) =

(Cl14)

We use again the change of variable & = (r — r;)/+/t, which
reduces Eq. (C14) to

2 ! / >
wit)=—— ds (u)dé,
w0 v A §°d (u)dé§
where we can approximate the integral as performed over all
the real domain since du/dr is a well-peaked function around
& = 0. The derivative of (C11) reads

(C15)

dw) _ 1+y [2 e
& =2\ P E2).

(C16)

(a)
10%+ g}
57
7777777777777777 e 5O Y e/g
0 © A7
<& Q(A g2
§: ,,,,,,,,,,,,,, YJK,A*A’A/A’A' /G(
10'F 6 ® ° o |
S ¥
,,,,,,,,, S>> _ 5O
S o
14 o
0 ? 0 © o Q=100,h=10
<><> 0 © <& Q=100,h=50
> <o o A Q=500,h=10
o °© - Wm
° o
10° o | | | | | |
107 1072 107 10° 10’ 10? 10° 10

0)  Afm— ]

— Analytical approximation
©  Numerical solution

(u)

-0.5F

1 1
0 25 50 75 100 125 150

FIG. 16. (a) Temporal evolution of w,. Results for y = 1. The
dashed lines indicate Eq. (C17). (b) Comparison between the numer-
ical solution of Eq. (C1) and the analytical approximation (C11) for
Q0=100,h =10,y =1atr =20.

By substituting this expression into Eq. (C15), we finally ob-
tain the long-time expression for the width w,, 74 of |d(u) /dr]|,

=t +1 .= th
wu,TA - Co c — 2105

where the index TA stands for transient- and long-time
regimes. Figure 16 shows that the obtained expression exhibits
good agreement with the numerical results.

(C17)

APPENDIX D: DERIVATION OF w, 4
IN 1D POLAR GEOMETRY

We compute here the width w, 4 for the 1D radial system in
the limit # — oo. The evolution of the product concentration
c is governed by the equation [29]

dc(rt)+ 0 d,c(r,t) — d%c(r,t) — R(r,t) =0, (DI)

r

where R = ab is well peaked around the front position 7,
where a = b. Thus, we write

r—re(t)
R(r 1) =RlryOLf\ —— ) (D2)
where w is the width of R. We assume that in the long-time

limit the maximum concentration of C is located at the posi-
tion where the production rate is maximum, i.e., 7. > ry. For
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O > 1 and y ~ 1 the long-time front position (11) reads

rra(t) = /20t. (D3)
The width of C is defined as
o, 0 1/2
walt) = |:fo —r) c(r,t)dr] ' D)
Jo c(ritydr

By performing the change of variable x =r —r. >~ r —ry,
Eq. (D4) reduces to

f_oszc(x, t)dx 1/2
we(t) = o’o— .
f_ ’ c(x,t)dx

r

(D5)

Since ¢ is peaked around x = 0, we assume that r;y > w,
(which, as seen below, is true for Q >> 1), so that, in virtue
of Eq. (D3), we can replace the lower limit of integration —r
in Eq. (D5) by —oco. Hence, Eq. (D5) reads

f_oooo x2c(x, t) dx:| 12

ffooo c(x, t)dx Do)

wc,A(t) = |:
By adopting the same change of variables, Eq. (D1) reads

-1
e, 1)+ —2
X

p— 2 —_— =
—+rf(t)8xc(x,t) d;c(x,t) — R(x,t) =0.

(D7)
Because we have assumed w. < 7y, the term (x + rf)“ <1

when t — oco. Hence, in this long-time limit Eq. (D7) reduces
to

dc(x,t) — d2c(x, 1) — R(x, 1) = 0. (D8)
Integrating this equation over x leads to
oo o0
/ orc(x, t)dx = / R(x,t)dx, (DY)

where we used ffooo ch dx = 0, since d,¢ = 0 for |x| > w,.
By substituting Eq. (D2) into Eq. (D9), we get

o, /OO c(x,t)dx = aR[ry(H)]w(®), (D10)

o0
where a = [ f(x)dx. In the long-time limit R(r;) — R}™
and w — wy, which are given as in Egs. (13) and (14), re-
spectively. Hence, by integrating Eq. (D10) in time, we obtain

0 58
/ clx, ydx = 22 K12, (D11)
_ T~

o0

which provides the denominator in Eq. (D6). To obtain an
expression for the numerator, we first multiply Eq. (D8) by
x? and then we integrate over x to obtain

oo oo
/ xzatc(x,t)dxzf xzafc(x,t)dx

oo —00

+ / x*R(x,t)dx. (DI12)

o]

By integrating twice by parts the term [ x*dZcdx and by
recalling that ¢ and 9,.c vanish for [x| — oo, we obtain
0 o0 116
/ xzafc(x, Hdx = 2/ c(x,t)dx = —3aKt1/2,
—oo —co T
(D13)
where we have used Eq. (D11). Furthermore, by using
Eq. (D2), we get

/ ” X*R(x, 1) dx = BRrs(t)]w (1), (D14)

oo

where g = f_oooo xzf(x) dx. By substituting Eqgs. (13) and (14)
into Eq. (D14), we obtain

o0 29
/ sz(x,t)dxz —'BKI/St_I/ﬁ,
_ T

o]

(D15)

which vanishes for t — oco. Hence, by substituting Eq. (D13)
into Eq. (D12) and by neglecting the term of Eq. (D15), we
get

o0 116
3, / e(x, 1) dx = nf‘ Ki'2, (D16)
—00
Time integration finally provides
*° 232
Re(x, 1) dx = 222 k12, (D17)
o 373

By substituting Eqs. (D17) and (D11) into Eq. (D6) we obtain

4
wealt) = §t' (D18)
In dimensional units, Eq. (D18) reads
o 14 _
Wealt) = th. (D19)

APPENDIX E: EARLY-TIME ANALYSIS

The early-time analysis is performed by assuming that in
this regime the amount of mixing between the reactants is
small and that transverse diffusion is negligible. As a conse-
quence of these assumptions, the reaction terms ab and the
derivative along z that appear in Eq. (3a) can be neglected.
Therefore, we approximate Eq. (3a) in the early-time regime
as
%Eﬂalz = 33 ag,

orag + (Ela)

abg + d,bg = 3%bg, (E1b)

0(z) -1
-
where ag (7, z,t) and bg(r, z, t) denote the early-time dimen-
sionless concentration of the reactants A and B, respectively,

and
2

~ 3 4z
0(z) = §<1 - ﬁ)Q- (E2)

Notice that this equation is similar to the equation for the
conservative component ¥ = a — b in the 1D polar case [29].
In fact, because diffusion along z is neglected, there is no
mechanism that couples the equations in r and z, so that
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FIG. 17. Radial profiles of (a) and (b) for Q = 100, h = 20, and
y =1 at t = 1073, The symbols indicate the results obtained by
solving numerically Eq. (3), while the lines represent Eqs. (E6) and
(E7).

Eq. (Ela) describes a set of independent equations for any
given value of zin [—h/2, h/2]. These equations are solved by
introducing the change of variables n = r?/4t, which allows
us to transform the PDE (E1a) into the ODE

1-0()/2
dpar + (1 + ﬂ)am =0. (E3)
n
The general solution reads
0@ r
) 1t = F QA | E4
ag(r,z,1) 01+02<2 m (E4)

where c¢; and ¢, are integration constants that are deter-
mined by applying the boundary conditions ag(0,z,¢) =1
and ag(r — 00, z,t) = 0, so that
0@) r*
) 7t = A ) ES
ag(r, z,1) Q(Z m (ES)
where Q is the regularized gamma function. The average
concentration is obtained by calculating the integral along the
gap numerically,

LM 0@R) r?
(ar) = 7 [ y Q(T, Z) dz. (E6)

One can obtain the equation for the early-time concentration
bg of B analogously. Because the reaction term is neglected,
notice that we must have by = y (1 — ag) and in particular

(bg) =y (1 — (ag)). (E7)

Figure 17 shows that the calculated averaged concentrations
in Eq. (E6) and Eq. (E7) are in good agreement with the
numerical solutions of Eq. (3).

By using Eq. (E7), the early-time production rate R =
(ag)(bg) reads

Re(r.t) = y(ap)(1 — (ag)). (E8)

Notice that the maximum Rp** along r is found for (ag) =
(bg) = 1/2 and its value is RF*™* = y /4. To obtain the front
position r7** as the distance from the inlet at which Rg is

10°F

oo

<*R==== o

— 0.5625Q ]
o Numerical solution -

100 1 1
10" 10° 10° 10°

Q

FIG. 18. (a) Comparison between the approximated expres-
sion (21b) and numerical results. (b) Comparison between Ky =
0.5625 Q and the numerical results.

maximum, we set (ag) = 1/2 in Eq. (E6),

h/2 Q(Z) r2 B h
/(; Q(T’E) dz = Z, (E9)

where we have used the symmetry of the system along the
z axis. Through the changes of variable y = 1 — 4z?/h* and
n = r?/4t, and by using Eq. (E2), we obtain

PO, n)dy
k] = ]s 3 = - e/ -
£, ) £(Q. ) /O =

The solution n = Kz (Q) is found by solving Eq. (E10) nu-
merically. We find Kz ~ 0.5625 Q; see Fig. 18(b). Hence, the
position of the maximum of the production rate at early-time
reads

(E10)

X — 2 /Re(Q)t = /225 0t. (E11)

The front position r; g, defined as the location where
(ag) = (bg), is obtained in a similar way. Equation (E7) here
gives {(ag) = y/(1 + y), which we substitute into Eq. (E6)
and get

(0@ P\ h( vy
/0 Q(T’E)dz_§<_1+y)'

(E12)
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FIG. 19. Comparison of the approximated K,, and the results of
numerical computations.

By using the previous changes of variables and by using the
definition (E10) of f(Q, n) the latter reduces to

2y
1+y

We find numerically the solution n = 0.9 Q/(1 + 0.6 ), and
by substituting the definition of n, we finally obtain Eq. (21a).
Figure 18 shows the comparison between the coefficients K,
given by Eq. (21b), and K, given above, computed numeri-
cally and their analytical approximations.

To compute the front width wg as the width at half height
of Rg = (ag)(bg), we notice that the values of (ag) for which
Rp =Rj*/2 =y /8 are

fQ,n) = (E13)

@iy = 11 £v2/2). (E14)
Substituting this into Eq. (E6), we obtain
1 2\ 1 [ 2
L Y? z_/ QQ(Z)r dz. (E15)
2 2 hJ_np 2 4
Repeating the steps that we took to calculate r3** we obtain
the equation
FQ.m)=1£V2/2, (E16)

where f(Q,n) is defined by Eq. (E10). The solutions
n+ = r2 /4t are computed numerically as a function of Q
(see Fig. 19). The width wg is finally expressed as

we(t) = ri(t) — r-(t) = K, (Q)t'/?,

where Ky, = 2(/ny — /n-) = 0.78 02 Recalling that in
the early-time regime, Eq. (Ela) describes a set of indepen-
dent equations for each value of z, we compute the total
amount of product n. g as

h/2
ne g = /

—h/2

where n(lD)(z 1) =2m [, re(r,z, t)dr is the total amount of

product along a streamline, obtained from Eq. (E1). By using

(E17)

n'? () dz, (E18)

16F ] T
0.18 mm, Q = 0.09 mL/min
0.34 mm, Q = 0.09 mL/min
0.34 mm, Q = 0.02 mL/min
0.66 mm, Q = 0.09 mL/min

>0% 0
RISISIST

we [mm]

L L L L L o | L L L L L P
10° 10° 10
t[s]

FIG. 20. Temporal evolution of w, from the experimental work
[33]. The solid lines represent the theoretical predictions (16), where
¢, and D are obtained through fitting.

the relationship [29]

(1D)
dnC,E

dt

=2n/ rRe(r, z,t)dr, (E19)
0

where Rg (1, z,t) = ag(r, z, t)bp(r, z, t), and Eq. (ES) together
with by = y (1 — ag), we obtain

dngy’ 0 r 0 r
dr :27”’/0 rQ(z 4z)[1 Q(z 4)]‘”‘

(E20)
Performing the integral, we get
antp) r(4e)
St =4 = E21
0 Vry o) (E21)
2
Time integration leads to
neg @ 0) =21y '@, (E22)

where we used the approximation I'[(1 + 0)/2]/T(Q/2) ~
v/Q/2 for Q> 1. Finally, by substituting Eq. (E22) and
Eq. (E2) into Eq. (E18) and by computing the integral along
the gap we get

373

ne.p(t) =~ Tth'/zzz. (E23)

APPENDIX F: COMPARISON WITH
EXPERIMENTAL RESULTS

In this Appendix, we compare our model to the experimen-
tal results in Ref. [33]. Specifically, we focus on the width w,
of the product concentration, which is shown in Fig. 20. In our
model, the transient- and long-time behavior of this quantity is
described in dimensional units by Eq. (16). The multiplicative
coefficient ¢, and the diffusion coefficient are used as fitting
parameters. We find D = (8.2 4 0.7)x 107 m?/s, which is
of the expected magnitude. Since the reactants are in equal
concentrations, Eq. (15b) predicts ¢, = 1.23, while from
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fitting we obtain values in the range 2.2-3.9. Such a difference
could be motivated by effects that are not accounted for in this

model, including, e.g., buoyancy, premixing in the injection
tube, or the finite radius of the injection valve.
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