
RAPID COMMUNICATIONS

PHYSICAL REVIEW E 85, 015304(R) (2012)

Experimental evidence of reaction-driven miscible viscous fingering
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An experimental demonstration of reaction-driven viscous fingering developing when a more viscous solution
of a reactant A displaces a less viscous miscible solution of another reactant B is presented. In the absence of
reaction, such a displacement of one fluid by another less mobile one is classically stable. However, a simple
A + B ! C reaction can destabilize this interface if the product C is either more or less viscous than both reactant
solutions. Using the pH dependence of the viscosity of some polymer solutions, we provide experimental evidence
of both scenarios. We demonstrate quantitatively that reactive viscous fingering results from the buildup in time
of nonmonotonic viscosity profiles with patterns behind or ahead of the reaction zone, depending on whether
the product is more or less viscous than the reactants. The experimental findings are backed up by numerical
simulations.
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Viscous fingering (VF), also often referred to as the
Saffman-Taylor instability, appears when a fluid with a given
viscosity displaces another more viscous and hence less
mobile one in porous media. This hydrodynamic instability
has been largely studied both theoretically and experimentally
[1–4] because of the beauty and generic character of the
ramified patterns produced but also because of its practical
consequences. VF is indeed observed in applications as diverse
as hydrology [5,6], petroleum recovery [1], liquid crystal [7] or
polymer processing [3,8–11], and separation techniques [6], to
name a few. In general, the focus is classically on the unstable
displacement of a fluid by a less viscous one. We show here
that chemical reactions can destabilize the reverse case.

Some experimental [12–15] and theoretical [16–22] studies
have shown that a chemical reaction, by modifying the
viscosity of the solutions at hand, can influence miscible
VF. Theoretical work [21,22] has, however, suggested that
reactions could even destabilize the classically stable reverse
situation of a more viscous fluid displacing a less viscous one.
To do so, it has been predicted that the product of the reaction
must have a viscosity either larger or smaller than the viscosity
of the reactants.

In this work we present experimental evidence of such
reaction-driven VF destabilization of a more viscous liquid
displacing a less viscous one. We show quantitatively that
the classically stable interface between a viscous reactant A
pushing a less viscous aqueous solution of another reactant
B can be destabilized by the buildup through a reaction of
nonmonotonic viscosity profiles in time. The experimental
study is carried out using aqueous solutions of polymers,
chosen mainly because of their viscosity dependence on pH. If
a solution of such a polymer A displaces less viscous dyed
water, no instability is obtained and the interface remains
planar. However, upon addition of a pH changing reactant B
in the displaced water, an A + B ! C neutralization reaction
generates a product C either more viscous than the polymer
A or less viscous than the solution of B triggering reaction-
induced fingering. We provide experimental realization of both
scenarios, and explain the origin of the destabilization by
quantitative measurements of viscosities and numerical simu-

lations. We also highlight the difference between VF patterns
depending on whether the reaction generates respectively a
maximum or a minimum in the spatial viscosity profile.

Experiments are carried out in a horizontal Hele-Shaw (HS)
cell consisting of two transparent glass plates 100 mm wide,
500 mm long, and 14 mm thick separated by a gap width b =
0.25 mm. This gap width is fixed by U shaped Teflon spacers
closing one of the two small sides and both long sides of the
cell. The open small side of length l = 80 mm is connected
to a two-way valve providing a linear injection of fluid with
a constant flow rate q [23]. Fluids are evacuated at the other
lateral side through a 2-mm-radius hole in the bottom plate
located at half the width and 20 mm before the closed side. The
experiment is mounted on a lighting table providing uniform
diffuse white light from below. Dynamics are recorded by a
charge-coupled device camera fixed above the HS cell.

First, we demonstrate chemically induced VF in the case
where the reaction produces a more viscous product. To do so,
we use as the displacing more viscous fluid A a 0.30 wt%
aqueous solution of polyacrylic acid (PAA) of molecular
weight 1 250 000 (Sigma-Aldrich). The displaced less viscous
fluid is either pure water or an aqueous solution of reactant B,
chosen here as sodium hydroxide NaOH dyed by 0.04 wt%
Trypan Blue, TB (Aldrich).

When the displaced fluid is dyed water, the interface
remains stable and hence planar [see Fig. 1(a)] as expected
for a solution of a polymer displacing less viscous water.
This shows also that, although the polymer solution has shear
thinning viscosity effects [24], such effects are not the origin
of an instability here. If, now, the displaced fluid is a dyed
aqueous solution of NaOH [Figs. 1(b) and 1(c)], the front
becomes unstable with fingers developing behind the reactive
interface. For increasing concentrations of NaOH, fingers
extend here further backward and the instability develops
earlier. Note that the instability cannot result from pure
reaction-diffusion processes as A + B ! C fronts are known
to be unable to feature transverse instabilities [25]. Besides,
in horizontal Hele-Shaw cells, such fronts are observed to
travel without any transverse deformation if no injection takes
place [26]. Moreover, in the absence of instability, the interface
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FIG. 1. Reaction driven VF when a polymer solution displaces
linearly from left to right a less viscous aqueous dyed solution. Left:
PAA displacing NaOH in concentration (a) 0 M, no fingering is
observed; (b) 0.01 M; (c) 0.06 M. Flow rate q = 0.5 ml/min, time
t = 225 s. Right: SPA displacing aqueous solutions of 60 wt% glyc-
erol + HCl in concentration (a) 0 M; (b) 0.3 M; (c) 0.5 M. Flow rate
q = 0.25 ml/min, time t = 360 s. Field of view = 4 cm " 8cm.

broadens on a diffusive time scale (of the order of hours),
which is much slower than the chemical time scale (of the
order of milliseconds). Indeed, we have here an acid-base
reaction which proceeds quasi-instantaneously. The fact that
the instability is observed on a time scale of a few seconds
points to the fact that the mechanism of the instability is driven
by convection and not by diffusion.

The presence of NaOH induces VF because the neutraliza-
tion reaction PAA + NaOH ! SPA + H2O transforms the acid
PAA into the more viscous salt sodium polyacrylate (SPA) and
hence modifies the viscosity profile in the system. To quantify
this aspect, we reconstruct quantitatively viscosity profiles by
considering the dimensionless reaction-diffusion-convection
model governing the evolution of the flow velocity u and
of the dimensionless concentrations A,B,C of the chemical
species [21,22]:

! · u = 0; !p = #µu; (1)
!A

!t
+ u · !A = "A$2A # DaAB, (2)

!B

!t
+ u · !B = "B$2B # DaAB, (3)

!C

!t
+ u · !C = $2C + DaAB, (4)

!E

!t
+ u · !E = "E$2E, (5)

µ = exp(RaA + RcC), (6)

where p is the pressure, Da is the Damköhler number,
"A,B,E = DA,B,E/DC are the ratio of diffusion coefficients,
µ the viscosity and Ra,c the log-mobility ratios [21,22]. Here
E is a passive dye or glycerol added into the displaced solution
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FIG. 2. (Color online) Quantitative concentration profiles recon-
structed from the RD model (2)–(4) when a 0.30 wt% (0.042 M)
solution of PAA displaces water + NaOH 0.01 M (full red line: PAA;
blue dashed line: NaOH; green dashed-dotted line: SPA) and viscosity
profiles for NaOH 0.01 M (line with filled circles) and NaOH 0.06 M
(dashed line with open squares).

to visualize the pattern or change the viscosity as in the
experiments. Equations have been scaled by the diffusion
coefficient of the product C and the viscosity of the displaced
solution of B as its viscosity remains constant and equal
to that of water in the course of the experiments. We fix
here Da = 1,"A = 1,"B = 10,"E = 10. The ratio of initial
concentrations # = B0/A0.

In the absence of flow (u = 0), these equations can be
solved numerically to reconstruct dimensional asymptotic
concentration profiles as a function of the self-similar variable
$ = x/(4DBt)1/2 (Fig. 2). Specific points are then chosen
along these profiles and solutions containing a mix of PAA,
SPA, and NaOH in the relevant proportions are then prepared.
The viscosity of these solutions is measured as a function of
the shear rate using a rotational viscosimeter (Brookfield, Pro
Extra II). As the fluids are displaced linearly at a constant
injection speed U in the Hele-Shaw cell, the corresponding
shear rate %̇ is constant and shear thinning effects are certainly
excluded. The shear rate can be estimated as %̇ = 2U/b =
2q/lb2 [9,13,14] where l = 80 mm is the width of the cell.
Here q = 0.50 ml/min such that %̇ % 3.33 s#1. The corre-
sponding viscosity of the pure 0.30 wt% PAA reactant solution
is roughly 870 centipoise (cp) while that of the displaced fluid,
with or without NaOH, is approximately equal to 1 cp (see
Fig. 2). The viscosity in the reactive zone at the above chosen
experimental points shown in Fig. 2 can rise up to 3880 cp,
i.e., it is indeed much larger than that of both reactants.

Figure 2 shows thus quantitatively that, as soon as the
reactive solutions are in contact, a viscosity maximum de-
velops in the reaction zone, where PAA reacts with NaOH
to produce more viscous SPA. The larger the concentration of
sodium hydroxide in the displaced fluid, the larger the intensity
of this maximum. Therefore, for a fixed time, we observe
that increasing the reactant concentration from 0.01 to 0.06
M in the displaced fluid makes the interface more unstable
[Figs. 1(b) and 1(c)], which is consistent with theoretical pre-
dictions [22]. Figure 2 shows that the locally unstable region
of the nonmonotonic viscosity profile [27,28] is located behind
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the reaction zone. This explains why fingers extend behind the
interface as seen in the experiments [Figs. 1(b) and 1(c)]. To
confirm this, we have integrated model (1)–(6) numerically for
values of parameters of the experiments using the numerical
scheme explained in Ref. [22]. Figure 4(a) shows that indeed
fingers extending behind the reaction zone are observed.

Theoretical predictions suggest that reactions generating
a product less viscous than the displaced fluid are also
prone to destabilize an otherwise hydrodynamically stable
configuration. To experimentally demonstrate this situation,
we performed the same type of experiments as above, choosing
now as the displacing fluid a 0.125 wt% aqueous solution of
SPA (with molecular weight 2 100 000–6 600 000 from Wako)
and, as the displaced reactant, an aqueous mixture of HCl and
60 wt% glycerol dyed by 0.04 wt% TB. The reaction is SPA
+ HCl ! PAA + NaCl. The glycerol, which is passive to the
reaction, is added in order to raise the viscosity of the displaced
solution. Indeed in the absence of such glycerol, it would be
very challenging to find reactions able to lower the viscosity
below that of water.

When the displaced fluid is only dyed water and glycerol,
the interface remains stable and hence planar, as shown in
Fig. 1(d). However, if HCl is added to the displaced solution,
the front becomes unstable and fingering developing ahead of
the interface is observed [Figs. 1(e) and 1(f)]. Measurements
of the viscosity have been performed as explained above at
specific proportions of concentrations of SPA, HCl, PAA,
and glycerol dictated by the numerical reaction-diffusion
profiles shown in Fig. 3. Here, q = 0.25 ml/min, such that
%̇ % 1.67 s#1. The corresponding viscosity of the pure 0.125
wt% SPA solution is 794 cp, the one of the displaced solution
(aqueous solution of TB + glycerol with or without HCl) is
approximately 10 cp while it falls to roughly 6 or 5 cp in the
reaction zone in the presence of 0.3 or 0.5 M HCl respectively.

Thus the nonreactive condition is stable as we have a
polymer SPA solution displacing a less viscous solution,
however due to the chemical reaction at the interface, the
neutralization of SPA by HCl leads to a local minimum
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FIG. 3. (Color online) Quantitative concentration profiles when
a 0.125 wt% solution of SPA displaces water + 60 wt% glycerol +
HCl 0.3 M (full black line: SPA; red dashed-dotted line: HCl/10;
blue dotted line: glycerol/100; green dashed line: PAA) and viscosity
profiles for HCl 0.3 M (line with filled circles) and 0.5 M (line with
open squares).

FIG. 4. (Color online) Numerical pattern of the dye concentration
E on a dimensionless domain of width 2048 at t = 2400 for
reaction-driven VF with (a) a maximum in viscosity, Ra = 1,Rc = 6,
# = 1.44; (b) a minimum, Ra = 1,Rc = #2, # = 37.6.

within the spatial viscosity profile. The concentration of HCl
controls the value of the minimum reached within the interface
(Fig. 3), which influences the patterns obtained as seen in

FIG. 5. (Color online) Radial displacement in a HS cell (gap =
0.5 mm). (a) PAA [Mw: 1 000 000 (Wako)] 1.0 wt% aqueous solution
displacing a dyed aqueous solution without (left) or with NaOH
0.02 M (right), flow rate q = 0.18 ml/min. Time t = 900 s. (b) SPA
[Mw: 2 100 000–6 600 000 (Wako)] 0.5 wt% aqueous solution SPA
displacing a dyed aqueous solution 85% glycerol without (left) or
with HCl 0.05 M (right), flow rate q = 1.8 ml/min. Time t = 60 s.
Field of view = 11.6 cm " 11.6 cm.
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Figs. 1(e) and 1(f). The larger the amplitude of the minimum,
the more unstable the system, which is consistent with the
experimental observations. Note that the locally unfavorable
viscosity contrast is here located ahead of the reaction zone,
which explains why fingering is now observed ahead of
the interface in both experiments [Figs. 1(e) and 1(f)] and
numerical simulations [Fig. 4(b)].

A comparison of the viscosities reached in the reaction zone
in both experiments shows that the unfavorable viscosity jump
is much larger in the reaction of PAA with NaOH (Fig. 2) than
for the reaction of SPA with HCl in the presence of glycerol
(Fig. 3). Yet, the patterns appear on similar time scales. The
difference can be attributed to the fact that fingering has been
shown to be more intense in nonmonotonic profiles with a
minimum when fingers extend along the flow rather than in the
presence of a maximum when fingers develop against the flow
and encounter a stable barrier in the streamwise direction [29].

Additionally, similar experiments made with a radial
injection (Fig. 5) confirm that fingers extend preferably behind
or ahead of the reaction zone depending whether the viscosity
profile has a maximum or a minimum, respectively.

To summarize, we have provided experimental evidence
of viscous fingering triggered by a reaction at the interface
between a more viscous solution displacing a less viscous
one in a Hele-Shaw cell. Such a situation is classically stable in
the absence of a reaction. The chemical reaction, by generating
a product either more or less viscous than both reactants,
triggers in time a nonmonotonic viscosity profile. A locally
unstable configuration with adverse mobility gradient develops
around the extremum. This leads to fingers developing respec-
tively behind or ahead of the reaction zone depending whether
the viscosity profile exhibits a maximum or a minimum. These
results pave the way to more detailed experimental analysis
of scenarios in which chemical reactions (or other physical
processes building up nonmonotonic viscosity profiles in
time [30]) can destabilize otherwise classically viscous stable
hydrodynamic situations.
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