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Anisotropy effects of Hele-Shaw cells on viscous fingering instability in dilute polymer solutions
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We study the effect of anisotropy of the Hele-Shaw cell on the viscous fingering instability in dilute polymer
solutions with shear thinning. In isotropic cells, the tip-splitting instability is observed at the same pressure
gradient for a fixed polymer concentration, whereas in anisotropic cells the side oscillation instability occurs at
higher pressure gradient than the tip-splitting instability. Narrowing of the finger width in the isotropic cell is
well correlated with the tip-splitting instability, whereas the finger width in the anisotropic cell is almost
independent of the sample. The modified Darcy’s law, where the constant viscosity is replaced by the shear
thinning viscosity, gives good agreement with the experiments, irrespective of the cell and the fluid.
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Viscous fingering instabilities in polymer solutions have 0.0, 0.01, 0.1, 0.15, and 0.2 g/100 g, which are less than the
attracted much attention in the past few decddeg. Poly-  overlap concentration of PS chains in DOP, 0.29 g/100 g and
mer solutions in a flow field can develop instability, which is higher than those studied by Smith, Wu, Libchaber, Moses,
attributable to their non-Newtonian behavior, viscoelasticity,and Witten[4]. The rheological data are measured using a
shear thinning, shear thickening, yield stress, etc. Such rhed?aar Physica MCR300 rheometer. When a stepwise and con-
logical properties should strongly influence the formation oftinuous increase in shear rate is applied to measure the steady
viscous fingering patterns in polymer solutions. Severabtate viscosity, the 0.01, 0.1, 0.15, and 0.2 g/100 g PS-DOP
shear thinning polymer solutiofi8—11] and some viscoelas- solutions show weak shear thinning and follow a nearly
tic ones[12—15 have been used for viscous fingering experi-Newtonian flow as shown in Fig. 1. Except for the 0.01
ments and a variety of fingering patterns were observedd/100 g PS-DOP solution, the first normal stress differences
However, understanding the correlation between the rhed\; due to the Wissenberg effect are observed above a shear
logical properties and the viscous fingering instability inrate of 40 § for the 0.1 and 0.15 g/100 g and above a shear
polymer solutions is insufficient. rate of 30 s for the 0.2 g/100 g PS-DOP solutions leading

The effect of anisotropy of a Hele-Shaw cell on viscousto overshooting behavior. DOP shows Newtonian behavior
fingering instabilities in polymer solutions is a challengingas shown in Fig. 1. The surface tensions of the samples are
topic since only a few studies have been perforiiied] and  obtained as 30.7, 29.1, 29.5, 29.5, and 29.0 mN/m in order of
no qualitative understanding was obtained. For semidiluténcreasing PS concentration by the Wilhelmy plate method.
shear thinning polymer solutions in an anisotropic ¢80},  The viscous fingering patterns are recorded with a charge-
the finger grew faster along a groove, the width of the fingeicoupled device camera/recorder method.
was smaller, and a dendrite pattern was observed at higher The finger tip velocityV; can be calculated from a plot of
velocities. the distancd_; from the inlet to the tip of the grown finger

In this article, we describe viscous fingering experimentsagainst the necessary time. In the plot a straight portion is
on dilute polymer solutions with weak shear thinning atobtained for the distance;=5-6 cm from the inlet and
25°C in isotropic and anisotropic linear Hele-Shaw cells tobeyond that distance the plot data deviate positively from the
investigate the effect of anisotropy of the Hele-Shaw cell oninitial straight line, irrespective of the injection pressure or
the viscous fingering instability by taking into account thethe sample. The relative finger widihdefined by the ratio
rheological properties of the polymer solutions. The cells are
made of two float-glass plates separated by a thin rubber 10°
sheet spacer, fixing the gdp=0.05cm. The length. and
the widthW of the channel in the cell are fixed to be 20 and
3 cm, respectively. For the anisotropic cell the upper plate
was a glass plate with a thin groove of triangular section of
about 0.003 cm width and 0.001 cm depth from an inlet
toward the unsealed edge. Air is injected at fixed pressures of
10, 15, 25, 45, and 90 cm®, using the same pressure res-
ervoir as described previous|%,8,10 to displace polymer
solutions. The polymer solutions used are polystyré?®
with a molecular weight of 2810 in dioctyl phthalate 10° 10" 10? 10°
(DOP). The concentrations of PS in DOP solutions used are
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FIG. 1. Steady state viscosity data for DO®) and 0.01(O),
* Author to whom correspondence should be addressed. FAX: 818.1 (), 0.15 (A), and 0.2(V) g/100 g DOP-PS solutions as a
59-231-9471. Email address: kawaguti@chem.mie-u.ac.jp function of the shear rate.
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ning of the steady state viscosities for the corresponding PS-
DOP solutions as shown in Fig. 1. The observed shear thin-
ning behavior is due to the viscoelastic properties of the PS-
DOP solution, leading to the tip-splitting instability. In other
words, the PS chain used in the present study has a large size
and it should yield viscoelastic normal forces even below the
overlap concentration.
Furthermore, in a viscous fingering experiment, it is rea-
@) G~ sonable to consider that the fingering pattern should grow at
o the imposed shear rate. Thus, we tried to measure the values
FIG. 2. Typical fingering patterns of 0.0&), 0.1(b), 0.15(c),  of N, for the PS-DOP solutions from a one-shot steady state
and 0.2(d) /100 g DOP-PS solutions at the injection pressure of 43 jscosity measurement under nearly the same imposed shear
cm H0 in the isotropic(l) and anisotropidll) Hele-Shaw cells. 16 a5 at the threshold of the tip-splitting instability, and
The finger length is 15 cm. values ofN, less than 2—3 Pa were obtained. Thus we have
shown experimentally that a viscoelastic normal force occurs
of the finger width and the cannel widilV, is another im- at nearly the shear rate for the onset of the tip-splitting in-
portant and characteristic quantity in understanding the finstability. In addition, the tip-splitting instability observed in
ger pattern and the finger width can be calculated from théhe present study may be similar to that observed by Vlad
increase of the displaced areA by air in time t:\ and Maher[15], who investigated viscous fingering in
=(1V,)(dA/dt)/W [14]. Each plot of A againstt has a  Borger fluids, namely, constant viscosity elastic fluids.
straight portion for the distande; of 5-6 cm. Therefore, for On the other hand, in the anisotropic cell the finger insta-
the distanced.;=5—6 cm the finger growth can be regarded bility corresponds to weak oscillation on the two sides of the
as in steady state. finger as shown in Fig. 2. The shape can be classified as a
For DOP in the isotropic cell, the single finger is similar dendrite pattern. However, the wavelength and amplitude of
to a Saffman-Taylor finger, whereas in the anisotropic cell guch side oscillations cannot be determined. Moreover, it is
narrower and more pointed finger is observed and its shape 89metimes not easy to estimate the position where such a
similar to those for Newtonian fluids in a grooved linear side oscillation instability first appears compared to the po-
Hele-Shaw cel[16]. Moreover, the DOP solvent shows no Sition where the tip-splitting instability occurs. The pressure
branched pattern for the injection pressure ranges studiegradients at the onset of the side oscillation instability range
here in either cell. In the isotropic cell each PS-DOP solutiorfrom 400 to 600 Pa/cm.
shows tip-splitting growth, irrespective of the injection pres-  Next, we focus on the steady state finger tip velodity
sure. Typical viscous fingering patterns of the 0.01, 0.1, 0.15Jefined by fitting an initial straight line to the plot of the
and 0.2 g/100 g PS-DOP solutions at the fixed injection presdistancel ¢ from the inlet to the tip of the grown finger as a
sure of 45 cm HO are displayed in Fig. 2. In the anisotropic function of time. In order to obtain the velociw of the fluid
cell the 0.01 g/100 g PS-DOP solution shows only a pointedar away from the finger, th€, value can be modified by the
finger pattern for the entire injection pressure range. Thdinger width\ as follows:V=V\. Such an average finger
difference can be attributed to the fact that flow instability velocity V can be related to Darcy’s laW = (b%/127)Vp,
occurs at higher velocities since the fingers in the latter celWwhere 7 is the viscosity andvp is the pressure gradient.
are more stable than those in the former cell. When the P$loreover, in order to test Darcy’s law for non-Newtonian
concentration is increased, tip splitting occurs at short disfluids, we should replace the constant viscosjtpy an ef-
tances from the inlet in the isotropic cell, whereas the fingefective viscosity 7. at the imposed shear rate defined by
in the anisotropic cell is a more pointed one with sides mad®V,/b [11,17,18. Thus, the modified Darcy’s law can be
less smooth by weak oscillations. Therefore, it seems that theefined asv=(b?/127.)Vp and the s, value can be ob-
tip-splitting and/or the side oscillation instabilities occur tained from interpolation of a plot of the steady state viscos-
when the pressure gradient exceeds some value. The pressityeagainst the shear rate as shown in Fig. 1. In Fig. 3 the
gradient is defined by the ratio of the injection pressure andalues ofV for steady state finger growth are plotted against
the distancd. —L¢ between the finger tip and the outlet. the value of ¥ p/ ) and the dashed straight line drawn in
First, we estimate the pressure gradient at the onset of thte figure corresponds to the value df?(12), where the
tip splitting in the PS solutions. The onset pressure gradientsressure gradient is calculated by putting=5 cm. The fit
for the 0.01, 0.1, 0.15, and 0.2 g/100 g PS-DOP solutions aref the resulting data to the modified Darcy’s law is good,
obtained as 290, 126, 115, and 91 Pa/cm, respectively, irrérrespective of the cell and the fluid.
spective of the injection pressure. This means that the tip- The relative finger width\ is well known to be related to
splitting instability appears when the value \¢f increases the dimensionless parameter BH 12(7q,V,/v)(Wb)?
beyond a threshold tip velocity. From the value\gfwe can  [19,20, wherey is the surface tension of the displaced, more
obtain the imposed shear rate 0¥ 2b; the imposed shear viscous fluid. The values of in steady state of finger growth
rates at the threshold of the tip-splitting instability are ob-are plotted against B/in Fig. 4. The\ values in the isotropic
tained as 100, 45, 17, and 13'dor the 0.01, 0.1, 0.15, and cell are larger than those in the anisotropic cell and they tend
0.2 g/100 g PS-DOP solutions, respectively. We note thato approach a plateau value of ca. 0.35 at higher velocities,
these are close to the shear rates at the onset of shear thalthough they are somewhat scattered. Moreover\tp&-
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V PNy (sfem) FIG. 4. Plots of\ for DOP and for 0.01, 0.1, 0.15, and 0.2 g/100

g DOP-PS solutions as a function oBlih the isotropic and aniso-
tropic Hele-Shaw cells. Symbols in the figure are the same as in
Fig. 3. The solid lines are guides for the eye.

FIG. 3. Plots ofV for DOP (circles, 0.01 (squares 0.1 (up
triangles, 0.15 (down triangley and 0.2 (diamond$ g/100 g
DOP-PS solutions as a function 8fp/ 7 in the isotropic(open
symbolg and anisotropic(filled symbolg Hele-Shaw cells. The

instability of dilute polymer solutions with weak shear thin-
dashed straight line has a slope bf{12). y POty

ning in isotropic and anisotropic linear Hele-Shaw cells. Tip-
splitting and side oscillation instabilities are observed in iso-
teau value for the PS-DOP solutions is clearly smaller thanropic and anisotropic cells, respectively. The former
the \ value of 0.5 for the solvent DOP. This can be well instability occurs at the same pressure gradient for fixed
correlated with the finger pattern morphology, namely, allpolymer concentration and it can be related to the onset of
PS-DOP solutions show a tip-splitting pattern. Moreover, theshear thinning due to viscoelastic normal forces. The average
viscous finger narrowing for a shear thinning polymer solu-finger velocity data are in good agreement with a modified
tion qualitatively agrees with the theoretical prediction of Darcy’s law, irrespective of the cell. Narrowing of the finger
Poire and Ben Amaj21]. in the isotropic cell is induced by the tip-splitting instability,
In the anisotropic cell, on the other hand, thealues can  whereas the finger width in the anisotropic cell is indepen-
be almost fitted with a smooth curve, irrespective of thedent of the sample.
sample, and it approaches a plateau value of ca. 0.25. The
smaller plateau value of may be mainly attributed to the This work was partially supported by Grant-in-Aid for
fact that the effects of anisotropy of the Hele-Shaw cell supScientific Research on Priority Ard&) “Dynamic Control
press the tip-splitting instability due to the faster fingerof Strongly Correlated Soft Materials(No. 413/1303104b6
growth along the groove. from the Ministry of Education, Science, Sports, Culture and
In conclusion, we have demonstrated viscous fingeringrechnology.
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