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Effects of reactant concentrations on the characteristics of reactive miscible viscous
fingering in a Hele-Shaw cell at low finger-growth velocity were studied both experimen-
tally and theoretically. The product distribution varies with the variations in the initial
reactant concentrations and depends on the location of a reaction zone. When the
reaction zone is located in the more-viscous-liquid region the product concentrates at
the fingertips, but when it is located in the less-viscous-liquid region, the product spreads
in a relatively broad area inside the fingers. This significant difference in the reaction
pattern resulting from variations in the reactant concentrations is caused by the large
difference of molecular diffusivity in the two liquids, that is, of viscosity which is one of
the important factors for viscous fingering. These results are confirmed theoretically by
one-dimensional diffusive—reactive analysis.

Introduction

Viscous fingering in flows is a ubiquitous instability occur-
ring when a fluid with low mobility is displaced by another
fluid with high mobility. The difference in mobility can origi-
nate from a difference between the two fluids in viscosity
and/or density. Fingering instability takes place in both mis-
cible and immiscible cases. Surface tension in immiscible sys-
tems plays an important role in the fingering mechanism,
while in the miscible systems convective and diffusive effects
are important (Homsy, 1987).

Of particular interest in the present study is the miscible
viscous fingering in two reactive fluids in which a chemical
reaction takes place. There are many applications for reac-
tive miscible viscous fingering in which an interaction be-
tween chemistry and hydrodynamics takes place. These appli-
cations include petroleum recovery (Homsy, 1987), the
spreading of reactive pollutants in groundwater, fixed-bed
chemical processing and regeneration (Homsy, 1987), frontal
polymerization (Pojman et al., 1998), chromatographic and
adsorptive separations (Dickson et al., 1997; Shalliker et al.,
1999), reactive infiltration in geochemical settings (DeWit and
Homsy, 1999a), deformation of chemical waves by hydrody-
namical instabilities (Carey et al., 1996; Vasquez, 1997; Eck-
ert and Grahn, 1999), and even medical applications related
to blood-clot dissolution in coronary thrombi (Zidansek et al.,
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1995) and gastric mucus (Bhaskar et al., 1992; Chu et al,,
1999).

From the viewpoint of enhancing the mixing and chemical
reactions of fluids, it is desirable to induce flow turbulence if
the fluids are gases or less-viscous liquids. It is, however, dif-
ficult to induce flow turbulence when the fluids are more-
viscous liquids. In such cases, a viscous fingering system is
thought to be effective in enhancing the mixing and chemical
reactions, because fingering produces a larger contact surface
area between two liquids.

In spite of these broad applications, there is still little fun-
damental understanding of the nature of the coupling be-
tween chemistry and hydrodynamics in reactive miscible vis-
cous fingering. Although DeWit and Homsy have recently in-
vestigated numerically reactive miscible viscous fingering in
porous media (DeWit and Homsy, 1999a,b), it is generally
quite difficult to find experimental studies on this issue.

Regarding the fluid dynamics of viscous fingering without
chemical reaction, numerous numerical and experimental
studies of both miscible and immiscible systems have been
reported in the last 50 years (Homsy, 1987; Tanveer, 2000).
The flows in a Hele-Shaw cell consisting of two closely
plane-parallel plates have been used to model the flows in
porous media and have often been used to study viscous fin-
gering (Homsy, 1987). Viscous fingering instability can be ex-
perimentally observed when a less-viscous fluid displaces a
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Figure 1. Experimental apparatus.
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more-viscous one in a Hele-Shaw cell, and many important
results have been reported.

With regard to the study of viscous fingering with chemical
reaction in a Hele-Shaw cell, only a few investigations focus-
ing on medical applications (Bhaskar et al., 1992) and on oil
recovery (Hornof and Baig, 1995) have been reported. How-
ever, few investigations from the fundamental viewpoint of
the relationship between chemistry and hydrodynamics have
been carried out. The objective of the present study is there-
fore to investigate experimentally the characteristics of reac-
tive miscible viscous fingering using a Hele-Shaw cell, and to
discuss the relationship between chemistry and hydrodynam-
ics. We especially focus on the effects of variations in the
reactant concentrations in two liquids on the characteristics
of the chemical reaction in miscible viscous fingering. The
phenomena observed experimentally are discussed from a
theoretical viewpoint to elucidate the diffusion—chemical-re-
action mechanism in viscous fingering.

Experimental Apparatus and Procedure

Figure 1 shows an experimental apparatus, a syringe pump
that injects liquids at a constant volumetric flow rate with
high accuracy, and a Hele-Shaw cell consisting of two closely
spaced plane-parallel plates. The Hele-Shaw cell is formed
by two 140 mm X 140 mm X 10 mm transparent glass plates
spaced with a constant gapwidth b. The gapwidth b is set as
b =0.24 mm by placing four metal triangular plates at four
corners between two glass plates. The upper glass plate has a
small hole drilled in the center for liquid injection. The con-
stant gapwidth throughout the cell was confirmed by the
method of Chen (1989). The more-viscous liquid initially oc-
cupies the cell. The less-viscous one that reacts with the
more-viscous one is injected at a constant volumetric flow rate
g =0.94 mm?>/s by the syringe pump from the small hole in
the upper glass plate. Experiments are conducted by varying
the initial molar concentration of reactant in the more-viscous
liquid (c,,,) and that in the less-viscous liquid (c,,) to eluci-
date the effects of reactant concentrations on the characteris-
tics of reactive miscible viscous fingering. An experiment with
nonreactive liquids is also conducted in order to compare the
reactive and nonreactive cases. The motion of the miscible
viscous fingering and the chemical reaction in the cell are
recorded with a digital video camera placed below the cell
for further analysis.

In the reactive cases, a mixture of 99 wt % glycerin and 1
wt % KSCN solution is used as the more-viscous liquid, and a
Fe(NO;); solution as the less-viscous one. A product that is
blood red in color is generated by the chemical reaction as
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follows

Fe3* (light yellow) + 2SCN ™ (colorless) — [Fe(SCN),] *
(blood red). (1)

In this reaction, the blood-red product is easily recognizable.
The heat release due to the chemical reaction is negligible,
meaning that the chemical reaction is passive for the flow
motion. In the nonreactive case, a colorless mixture of 99 wt.
% glycerin and 1 wt % water is used as the more-viscous
liquid, and the blood-red [Fe(SCN),]* solution formed by
Reaction 1 between a 0.05 mol/L Fe(NO,), solution and a
0.1 mol/L KSCN solution is used as the less-viscous one. In
all experiments, the viscosity of the more-viscous liquid, w,,,
is 1.2 Pa-s, and that of the less-viscous liquid, w;, is 1.0 X 103
Pa-s. All experiments were run at room temperature, 20°C.

The Peclet number, Pe,, which is the ratio of the transport
rate by convection and that by diffusion, is defined the same
as that by Petitjeans et al. (Petitjeans et al., 1999), as follows
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Here, the characteristic length L is equal to radius R, and
the characteristic velocity U is equal to g/27Rb. The aver-
aged molecular diffusion coefficient between water and glyc-
erin, which is 1.6X10™* mm?/s (Petitjecans and Maxworthy,
1996), is D,. In all experiments, Pe,, is set as Pe,=3.9x 107,

The most distinctive feature of reactive miscible viscous
fingering is that products are formed, that is, the system con-
sists of more than three components; in contrast, the nonre-
active system consists of only two components, the less- and
more-viscous liquids. In other words, the existence of prod-
ucts is the distinguishing feature of chemically reactive flows.
In addition, when we deal with chemically reactive flows, it is
generally important to consider whether a chemical reaction
is active or passive for a flow field. Since the reaction is pas-
sive for a flow field in the present study, the reaction charac-
teristics are examined by comparing the reactive and nonre-
active cases, because hydrodynamic characteristics in those
cases are supposed to be very similar. Therefore, we exam-
ined the characteristics of a chemical reaction in a viscous
fingering system, paying close attention to the product region
and quantity, and comparing reactive and nonreactive cases.

Results and Discussion
Experiment

Figure 2 shows the miscible viscous fingering pattern with-
out chemical reaction at =390 s. A well-defined interface
between two miscible liquids is formed, as the Peclet number
is Pe,=3.9x10° (Petitjeans and Maxworthy, 1996; Rako-
tomalala et al, 1997). The depth of the blood-red color is
light at the fingertips, indicating that the less-viscous-liquid
layer becomes thin there, which is similar to “an internal
shock” observed in miscible displacement (Lajeunesse et al.,
1999).
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Figure 2. Miscible viscous fingering pattern without
chemical reaction at t =390 s.

Figure 3 shows the temporal evolution of miscible viscous
fingering with the chemical reaction under conditions with
Cmo = 0.08 mol/L and c;; = 0.04 mol/L, which is the stoi-
chiometric ratio of Eq. 1. In this figure, the product region is
the blood-red region, and the depth of the color corresponds
to the product quantity. At ¢ =30 s, small fingers can be ob-
served, and the entire region of the less-viscous liquid is blood
red. This result indicates that the chemical reaction starts im-
mediately after injection, indicating that the chemical reac-
tion is much faster than the fluid dynamical motion. In other
words, the characteristic time of the chemical reaction (z,,) is
much smaller than that of the fluid dynamical motion (),
resulting in the Damkohler number (Da), defined as Da =
I/t being quite large. At =180 s, the region around the
injection hole becomes clear, indicating that the more-viscous
liquid has been completely displaced by the less-viscous lig-
uid and that the less-viscous liquid completely sweeps the
product. Fingers grow up, and the clear region becomes larger
with further increase in ¢. These figures show that the viscous
fingering patterns for the systems are similar with and with-
out the chemical reaction, indicating that the chemical reac-
tion can be treated as passive, as expected based on its heat
release being negligible. This is different from active ones
where the reaction significantly affects the fingering pattern
by the production of a gradient in either viscosity (DeWit and
Homsy, 1999a,b) or density (Carey et al., 1996; Vasquez, 1997,
Eckert and Grahn, 1999).

Figure 4 shows the fingering patterns for systems with the
chemical reaction for various sets of the initial molar concen-
trations of SCN™ (c,,o) and that of Fe** (c,,) at t =390 s.
Figure 4a shows a case in which the ratio between c,,, and
¢jo Is stoichiometric, the same as in Figure 3, and the others
show cases in which either c,,, or c,, is increased or de-
creased from the condition depicted in Figure 4a. The vis-
cous fingering patterns under all conditions are similar, once
again indicating that the chemical reaction is passive under
all experimental conditions. The depth of the blood-red color
is deeper, that is, the quantity of the product increases in
cases where either c,,, or ¢, is increased from the condition
shown in Figure 4a (Figures 4b and 4d). These results indi-
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Figure 3. Temporal evolution of miscible viscous fin-
gering with chemical reaction under condi-
tions with c¢,,,=0.08 mol/L and c,, =0.04
mol /L.

cate that the chemical reaction is diffusion-dominant; in other
words, the reaction rate is much faster than the diffusion rate.
This result corresponds to the observation in Figure 3 in that
the chemical reaction starts immediately after injection. Oth-
erwise, the amount of product would not increase even if the
amount of either reactant were increased from the condition
shown in Figure 4a. These results suggest that the stoichio-
metric ratio is a reference value in discussing the reaction
pattern. We therefore introduce here a dimensionless param-
eter ¢, as follows

¢, = =0 3)

Cmo

Here, a denotes the molar stoichiometric ratio, and a =2 in
the present chemical reaction mentioned by Eq. 1. This pa-
rameter corresponds to the equivalence ratio widely used in
combustion science (Warnatz et al., 1999). If the ratio be-
tween c,,, and c;, is stoichiometric, ¢, = 1. The location of
the region where the product exists significantly depends par-
ticularly on ¢,. Figure 4a shows the reaction pattern in the
case of ¢,=1. In this case, the depth of the blood-red color
becomes gradually lighter toward the inside of the fingers.
Figures 4c and 4d show the reaction patterns in the case
where ¢, is sufficiently larger than 1. In this case, the color
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depth at the fingertips is remarkably deep. On the other hand,
when ¢, is sufficiently smaller than 1, the depth of the color
is the deepest inside the fingers, as shown in Figures 4b and
4e. These results show that the product concentrates at the
fingertips when c,,, is decreased or ¢, is increased (¢, > 1),
while a certain amount of product spreads in a relatively
broad area inside the fingers when c,,, is increased or ¢, is
decreased (¢, <1). In the present study, the finger growth
velocity is low and the convection effects are weak, especially
at the later stages of fingering due to the constant injection
rate. Consequently, the location of the reaction zone is pri-
marily determined by the molecular diffusion process of the
reactants, and the product concentration reaches a maximum
at the reaction zone. As a result, the variation in the region
where the product exists significantly depends particularly on
where the reaction zone is located. At ¢, =1, which is the
stoichiometric condition, the reaction zone is located close to
the interface between the less and more-viscous liquids,

though it does not necessarily coincide completely with the
interface. Since c,,, is increased or ¢, is decreased from the
stoichiometric condition, that is, ¢, is sufficiently smaller than
1, the reaction zone is located far into the less-viscous liquid.
Because D -u = const., the molecular diffusivity of the less-
viscous liquid is larger than that of the more-viscous liquid by
a factor of 1,200, which causes the product to spread widely
in the less-viscous liquid, as ¢, is sufficiently smaller than 1.
On the other hand, when ¢, is sufficiently larger than 1, the
reaction zone is located very close to the interface in the
more-viscous liquid, and the product scarcely diffuses in the
more-viscous liquid. The product therefore concentrates close
to the interface. The big difference in viscosity is one of the
important factors in the formation of the viscous fingering,
and it causes the large difference in molecular diffusivity,
which results in the variations in the product distribution pat-
tern. Thus, the variations in the product distribution pattern
are a phenomenon inherent to reactive viscous fingering.

{¢)

Figure 4. Fingering patterns with the chemical reaction for various sets of initial molar concentrations of SCN™

(c,,0) and that of Fe3* (c,,) at t =390 s.

(@) ¢,,0 = 0.08 mol/L, ¢;y = 0.04 mol/L; (b) c,,, = 0.3 mol/L, ¢;y = 0.04 mol/L; (¢) c,,o = 0.02 mol/L, ¢;, = 0.04 mol/L; (d) ¢,,o = 0.08 mol/L,

¢;0= 0.2 mol/L; (e) ¢,,o = 0.08 mol/L, ¢;, = 0.02 mol/L.
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Analysis

Two types of product distribution patterns are shown in
Figure 4. In one case, the product concentrates at the finger-
tips, while in the other case, the peak product concentration
is located in the less-viscous liquid region. In this section,
the variation in the product distribution pattern is discussed
theoretically based on a simplified one-dimensional diffu-
sion—reaction concept. The experimental results are modeled
as described below:

1. A well-defined interface between two miscible liquids
exists because Pe,>1 (Petitjeans and Maxworthy, 1996;
Rakotomalala et al., 1997). Mass fluxes of reactants and
product and the mass fractions of those are continuous at the
interface.

2. The molecular diffusion coefficient of reactants and
product are assumed to be D, in the more-viscous liquid and
D, in the less-viscous liquid. The ratio between D,, and D,,
D,/D, is D,/D, = u,,/m; =1.2x103 since the viscosity u and
diffusion coefficient D in liquids generally satisfy the follow-
ing relationship, D -u = const..

3. The density of the less-viscous liquid, p,, is estimated as
p; =1.00x10° kg/m?, and that of the more-viscous liquid, p,,,
is p,, =1.26%x10° kg/m>. Since the masses of reactants and
product mixed in the liquids are less than 4.0%, their influ-
ence on the density is ignored.

4. In this study, the finger-growing velocity is low enough
to neglect the convective transport of species, especially at
the later stage of fingering due to the constant injection rate.

5. A steady state is assumed.

6. The molecular diffusion rate of reactants and product is
given by Fick’s law.

7. An instantaneous chemical reaction is assumed, as the
chemical reaction takes place much faster than finger forma-
tion; in other words, the reaction is controlled by the molecu-
lar diffusion, as described earlier.

From these assumptions, the chemical species conservation
equations become as follows

)

Here x is the coordinate in the diffusion zone defined in
detail in Figure 5. When the reactants and product diffuse in
the less-viscous liquid, p = p; and D = D;, and when they dif-
fuse in the more-viscous liquid, p = p,, and D = D,,. Also, Y;
is the mass fraction of j species, that is, two reactants and a
product. Here, no reaction-rate term is included because the
reaction rate in all regions except the infinitesimal reaction
zone is zero. At the reaction zone, the reaction rate is infi-
nite, and no reactants are assumed to exist there.

Figures 5a and 5b show the mass fraction model of two
reactants and product in the case where the reaction surface
is located in the less-viscous-liquid region and in the more-
viscous-liquid region, respectively. Here Y, is the mass frac-
tion of the reactant, Fe>*, Y,, is that of the reactant, SCN™,
and Y, is that of the product, [Fe(SCN),]*. The profiles of
the reactants and product are linear, as predicted by Eq. 4,
and the reaction zone is infinitesimal, as was already men-
tioned in the assumption 7. The abscissa is a dimensionless
position x normalized by the width of the diffusion zone. The
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Figure 5. Mass fraction model of two reactants and
product.

(a) reaction surface located in the less viscous liquid region
(x, < x;); (b) reaction surface located in the more viscous
liquid region (x; < x,).

less-viscous-liquid region is 0 < x < x;, and the more-viscous
region is x; < x <1, where x; is the position of the interface
between two liquids.

In the case where the reaction surface is located in the
less-viscous-liquid region (Figure 5a), the mass fluxes of the
two reactants satisfy the following relations at the interface
between the two liquids (x = x;) according to the assumption
1, and at the reaction surface (x = x,) according to the as-
sumption 7

Ymi YmO - Ymi
D, =puDyp—— (atx=1x,) ®)
X r 1 L
Yo
ap Di— = p I (at x=x,). (6)
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Here, o denotes the mass stoichiometric ratio defined as Eq.
7.

aM,, 29 .
T M, 14 ™

Here, M,, is the molecular weight of SCN~, M, =58, and
M, is the molecular weight of Fe3*, M, =56, and a=2, as
mentioned before; Y,,, is the mass fraction of the reactant
(SCN7) at x=1,Y,, is that of SCN™ at x=x;, and Y}, is
that of the reactant (Fe3") at x =0. Because an instanta-
neous reaction (that is, an infinite reaction rate) is assumed,
the location of the reaction surface x, is algebraically related
to the mass fraction of the two reactants at the boundaries
(x=0and x =1) and the location of the interface of the two
liquids, x;

D,p aY,
s (I—=x;)+x; 0
D, Y,

'm Pm m0

X, = O‘Y/o (Oéxréxi)' (8)
Y,

m0

In the case where the reaction surface is located in the
more-viscous-liquid region (Figure 5b), the analogous rela-
tions of Eqgs. 5 and 6 are described as follows:

Yy — Y, Y,
plDl - = mem l
X X, —X;

(atx=x) (9

Yii
amemr = mem—

g —x, (atx=x,). (10)

Here, Y, is the mass fraction of the reactant (Fe3*) at x = x;,.
Therefore, x, is obtained as follows:

ay, D, py,
10+xi( )

Yo D, p,
r= aY, (x;=x,=1).  (11)
YmO

It is appropriate that the widths of the diffusion zones in the
more- and less-viscous liquids are proportional to the value
of pD, and then x; satisfies the following relation:

X1 = x; = pDy:p, D, (12)

Because p;D;:p,,D,, =1200:1.26, the value of x; is solved as
about 0.999, meaning that the interface between the two lig-
uids is located quite close to the more-viscous-liquid bound-
ary (x =1).

At the reaction surface, mass fractions of the reactants and
the product satisfy Eq. 13 in the case of 0 < x, < x;, and Eq.
14 in the case of x; < x, <1, because of mass conservation,
indicating the sum of the fluxes of the reactants into the re-
action surface is equal to the flux of the product out from the
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reaction surface:

)ZIO mi Yr Yr_Y'
D-——=4+pD—" —,pD24,pLt P
Py 1xr Py 1xi_xr Py lxr Py ]xi_xr
(atx=x,)(0=<x,<x;) (13)
Y[i YmO Yr_Y Yr
D, +p, D = Py D, T
pm mxr_xi pm ml_xr pm m xr_xi pm ml_xr

(atx=x,) (x,sx,=1) (14)

where Y, is the mass fraction of the product ([Fe(SCN),]")
at x =x, and Y, is that at x = x,. Furthermore, Y,, and Y,
satisfy Eq. 15 in the case of 0 < x, < x; and Eq. 16 in the case
of x; < x, <1 at the interface because of the assumption 1.

pDLYpi=pD Yo (atx=x;) (0=x,<x;)
1 lxi_ . m ml_xi i =4r="%
(15)
YPi Ypr_Ypi
pD—=p,D,—— (atx=x;) (x;<x,<1). (16)
X —

By using Egs. 6, 13, and 15 in the case of 0 < x, < x;, or Egs.
10, 14, and 16 in the case of x; < x, <1, Y, is determined as
Eq. 17.

(e +1)Y,Y,,
P aYy+Y,,

m0

a7

The effect of the initial molar concentrations of reactant
on the location of the reaction surface, x,, and the molar
concentration of the product at x,, ¢,,, is shown in Figure 6.
Here the values of reactants and product are shown as molar
concentrations in order to compare these results with the ex-
perimental results. The molar concentrations of reactants are
obtained by Eq. 18 and Eq. 19. The molar concentrations of
product are obtained by Eq. 20 as 0 < x, < x;, or by Eq. 21 as
x; £ x, < 1. Here, M, is the molecular weight of the product,
[Fe(SCN),1*, M, =172

o= Py
0=
M,

(18)

= (19

Cpp=—"" (20)

c, = . (21)

Variations in x, and c,, with ¢;, under the condition of con-
stant c,,, = 0.08 mol/L are shown in Figure 6a. The left ordi-
nate has two different scales at 0 < x < 0.95 and at 0.998 < x
<1 in order to make it easy to identify the variations in x,
with ¢;y. As shown in Figure 6a, under the condition of con-
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Figure 6. Effect of initial molar concentration of reac-
tants on the location of the reaction surface,
X,, and the molar concentration of the product
at x,, ¢,

(a): Variations in x, and c,, with ¢,y under the condition
that c,,o = 0.08 mol/L; (b) Variations in x, and c,, with ¢,
under the condition that ¢;, = 0.04 mol/L.

stant c,,, = 0.08 mol/L, x, becomes equal to x; as ¢,y = c
=0.0317 mol/L. As ¢, > cf, x, is located in the more-
viscous-liquid region, and x, then varies only between x =
0.999 and x =1 even when ¢ is varied because of x; = 0.999.
As a result, x, scarcely varies as c;, > cj. In contrast, as ¢,
<cjfy, x, is located in the less-viscous-liquid region, and x,
varies widely in the less-viscous liquid when ¢, is varied. The
condition of Figure 4a is shown as (a) in Figure 6a. In this
case, x, almost overlaps with x,. The condition of Figure 4d
is shown as (d) in Figure 6a. In this case, x, is located in the
more viscous liquid. The condition of Figure 4e is shown as
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(e) in Figure 6a. In this case, x, is located in the less-viscous
liquid. The molar concentration of the product at x,, ¢, in-
creases with an increase in c¢. In the present study, Y,, is
continuous in all regions as shown in Eq. 17. Thus, the pro-
file of c,, becomes discontinuous at c,, = cj; because c,, can
be calculated by Egs. 20 and 21 as x, = x;, as mentioned be-
fore; c,, increases from (e) to (a) to (d), as shown in Figure
6a. These results qualitatively agree with the experimental
results shown in Figure 4. Variations in x, and ¢, with c,,
under the condition of constant c;, = 0.04 mol/L are shown
in Figure 6b. The left ordinate also has two different scales at
0<x=<095 and 0998 < x <1 in order to make it easy to
identify the variations in x, with c,,,; x, becomes equal to x;
as ¢,,0=cX,=0.101 mol/L. As c,,;, <c¥,, x, is located in
the more-viscous-liquid region and as a result, x, scarcely
varies with the variations in c,,,,. In contrast, as c,,, > ¢, x,
is located in the less-viscous-liquid region, and x, varies
widely in the less-viscous liquid with variations in c,,,. The
profile of ¢, increases with c,,, except c,,g = cpg. At ¢,,9 =
Cmo» as well as in Figure 6a, the profile of ¢, is not continu-
ous. The conditions in Figures 4a, 4b, and 4c are shown as
(a), (b), and (c) in Figure 6b. Here, c,, increases from (c) to
(a) to (b), which corresponds to Figures 4c, 4a, and 4b.

By using ¢,, the effect of reactant concentrations at the
boundaries (x =0 and x =1) on the location of x, can be
discussed much more clearly, as shown in Figure 7. In the
figure, ¢;*, which is the value of ¢, as x, = x;, is obtained by
Eq. 22 from Egs. 8 and 12, or Egs. 11 and 12

o =L <0704 (22)

Pm

When ¢, > ¢¥, x, is located in the more-viscous-liquid re-
gion, and x, scarcely varies with the variation in ¢,. How-
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ever, when ¢, < ¢, x, is located in the less-viscous-liquid
region, and x, varies widely in the less-viscous liquid with the
variation in ¢,. In summary, when x, is located in the more-
viscous-liquid region, x, scarcely varies with the variation in
¢,, while when x, is located in the less-viscous-liquid region,
x, varies widely in the less-viscous-liquid region with the vari-
ations in ¢,. This difference in mobility of x, in the two lig-
uids is due to the large difference in the molecular diffusion
coefficients.

The profiles of molar concentration of the reactants Fe**
(¢;) and SCN™ (c,,) and that of the product [Fe(SCN),]"
(c,) under the conditions in Figures 4a—4e are shown in Fig-
ures 8a—8e. Here, in order to compare the theoretical results
with the experimental ones, the mass fractions of j species Y;

i
are transformed into the molar concentrations of j species c;
by Eq. 23 in the less-viscous liquid and by Eq. 24 in the
more-viscous liquid. Here, M; are the molecular weights of j

species
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=37 (23)
i
PnY;
;= Mj' (24)

In order to make it easy to identify the profiles of the molar
concentrations of the reactants and product, the abscissa has
two different scales at 0 < x < 0.95 and at 0.998 < x <1. The
molar concentrations of those at x; are not continuous, since
their mass fractions are continuous. The jump in molar con-
centration at x; is due to p,, > p,. At ¢,=1, x, is almost
equal to x;, and the molar concentration of the product (c,)
decreases gradually toward the side of the less-viscous liquid
(Figure 8a). In the case where ¢, is sufficiently larger than 1,
x, moves to the side of the more-viscous liquid from the case
of ¢,=1, and ¢, drops approximately half from x, to x; in
the more-viscous-liquid region, indicating that the product is
concentrated around x; (Figures 8c, 8d). In the case where
¢, is sufficiently smaller than 1, x, moves far into the less-
viscous liquid, and a certain amount of product exists in a
relatively broad area in the less-viscous liquid. (Figures 8b,
8e). As mentioned earlier, the experimental and theoretical
results are in good agreement, confirming that the significant
differences in the product distribution within fingers are due
to shifts in the reaction zone between less- and more-viscous
liquid.

As described for the nonreactive case, the fingertips have a
three-dimensional structure that can be drawn as shown in
Figure 9 (Lajeunesse et al., 1999). When the reaction surface
is located in the more-viscous-liquid region, the results of the
present study suggest that the reaction surface is formed along
the interface between the two liquids, as shown in Figure 9a,
and the product scarcely diffuses in the more-viscous liquid,

. L interface
less viscous liquid

reaction surface

more viscous liquid

(@

(b)

Figure 9. Three-dimensional structure at fingertips.

(a) reaction surface located in the more viscous liquid re-
gion; (b) reaction surface located in the less viscous liquid
region.
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concentrating along the interface in the fingertips. In fact,
the region where experimentally observed product concen-
trates corresponds to fingertips in the nonreactive case where
the depth of the blood-red color is light, as shown in Figure
2. As a result, this region is broader than that predicted theo-
retically. In contrast, when the reaction surface moves to the
less-viscous side, as shown in Figure 9b, the reaction surface
leaves the interface, becoming almost two-dimensional. These
results suggest that the three-dimensional structure at the
fingertips does not influence the present result except in the
region where the product concentrates is slightly broader at
the fingertips.

In summary, the present study has shown that differences
in molecular diffusivity, that is, viscosity, play a key role in
determining the reaction pattern. Because a difference in vis-
cosity between two liquids is necessary for viscous fingering,
variations in the reaction pattern are inherent characteristics
of reactive viscous fingering.

Conclusion

The effects of reactant concentrations on the characteris-
tics of reactive miscible viscous fingering with low finger-
growth velocity were investigated using a Hele-Shaw cell.
When the less-viscous liquid, a Fe(NO); solution, displaced
the more-viscous one, a mixture of 99 wt % glycerin and 1 wt
% KSCN solution, in the cell, a fingering pattern was formed
with the following chemical reaction: Fe3* (light yellow)+
2SCN~ (colorless) — [Fe(SCN),]1* (blood red). Experiments
were carried out by varying the initial molar concentrations
of reactants in both liquids, and a nonreactive experiment
was performed to compare with the reactive ones. When the
initial reactant concentration in either the more-viscous lig-
uid, c,,,y, or the less-viscous liquid, ¢, is increased from the
stoichiometric condition, more product is formed, indicating
that the chemical reaction is diffusion-controlled. The distri-
bution of product varies with the variations in the initial reac-
tant concentrations, and depends on where a reaction zone is
located. When the reaction zone is located in the more-
viscous-liquid region, the product concentrates at the finger-
tips, while when it is located in the less-viscous-liquid region,
the product spreads in a relatively broad area inside the fin-
gers. This shift in reaction zones resulting from variations in
the reactant concentrations produced significant difference
in the distribution of product. A dimensionless parameter ¢,
=2¢;0/Cmo 15 proposed. When ¢, is sufficiently large com-
pared to 1, the reaction zone is located in the more-viscous-
liquid region, and the product concentrates at the finger tips.
In contrast, when ¢, is sufficiently small compared to 1, the
reaction zone is located in the less-viscous-liquid region, and
the product spreads in a relatively broad area inside the fin-
gers. These results suggest that the differences in molecular
diffusivity, that is, viscosity, play a key role in determining the
reaction pattern. Because a difference in viscosity between
two liquids is necessary for viscous fingering, variations in the
reaction pattern are inherent characteristics of reactive vis-
cous fingering.
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