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Effect of geometry and anisotropy of a Hele-Shaw cell on viscous fingering of polymer solutions
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Viscous fingering patterns of hydroxypropyl methyl cellulds¥’MC) solutions were investigated by forc-
ing air in radial and linear geometry Hele-Shaw cells with radial and linear geometry as functions of HPMC
concentration and applied pressure. The resulting patterns depended on the HPMC concentration and the cell
geometry and anisotropy. The characteristic quantities of pattern growth, such as the finger tip velocity and the
finger width, were evaluated. The tip velocity in the anisotropic linear cell was almost the same as that in the
radial one, moreover, the finger width was well correlated with the pattern morphological changes.
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PACS numbdis): 47.20.Gv, 47.54:r, 61.25.Hq

INTRODUCTION concentration and the injection pressure of air. The finger tip
velocity will be compared with Darcy’s law. Furthermore,
Viscous fingering patterns in the Hele-Shaw cell havemorphological changes in the fingering patterns will also be
been given a lot of attention in the past few decades, botliscussed by taking into account the tip velocity and finger
experimentally and theoreticaljl—19]. Our understanding Width.
of viscous fingering problems in non-Newtonian fluids such
as polymer solutions is far less complete than those in simple EXPERIMENTAL SECTION
Newtonian fluids. Recently, experiments using polymer so-
lutions have been investigated by several research groups One HPMC with the molecular weight of 3%110° was
[3,12-19. Zhao and Mahef13] studied the fingering ex- dissolved in water at 0.1, 0.5, and 1.0 g/100 ml. In order to
periments for aqueous solutions of polyethylene oxRIEEO obtain high-contrast patterns, the HPMC solutions were col-
and hydrophobic end-capped PEO displaced by water in ared by adding methylene blue. The fingering experiments
radial Hele-Shaw cell. For the end-capped PEO solution avere performed at 25 °C using three different Hele-Shaw
transition from tip splitting to fracturing was obtained by cells: a radial cell made by using two plane-glass plates
increasing the injection rate of water due to the strong chairf0.8x 50x 35 cn?) with a silicon wafer spacer of 0.05 cm
entanglements, but the fingering-fracture transition was natickness clamped in between the plates; isotropic and aniso-
observed for the PEQL4]. tropic linear cells made of the same two glass plates as the
Very recently, Kawaguchi, Makino, and Kafd9] re- radial cell, clamped along their sides witltJashaped silicon
ported a morphological change from dense-branching to aubber sheet (0.0850x 15 cn?) and with silicon wafer
skewering pattern through the tip-splitting pattern of aqueouspacers of 0.05 cm thickness in between. In the linear cells,
high molecular weight hydroxypropyl methyl cellulose the width of the channel fixed at 5.0 cm by using the rubber
(HPMC) solutions in a radial Hele-Shaw cell pushed by airsheet. For an anisotropic linear cell the upper plate was a
with an increase in injection pressure. From the results deglass plate with a thin groove with a triangular section of
scribed above, it can be concluded that changes in the vigbout 0.003 cm width and 0.001 cm depth from an ile?
coelasticity of the more viscous liquid strongly influences thecm in diameter toward the unsealed edge.
morphological transition of the fingering patterns. On the The sample was injected through the inlet at the center of
other hand, Bonn, Kellay, Ben Amar, and Meunj&6,171  the top plate for the radial cell to form a 10-cm sample ra-
investigated the viscous fingerings of agueous solutions afius, whereas for the linear cells it was injected into the inlet
PEO in a linear Hele-Shaw cell by injection of air. The mea-at the distance of 10 cm from the short sealed edge of the top
sured finger widths largely deviated from those in the New-plate. Air was injected through the inlet under different in-
tonian fluids since finger tip velocity depends on dynamicjection pressures from 0.5 to 9.0 kPa, using the same pres-
interfacial tension and viscosity. sure reservoir as described previous$,19. The generated
The effects of the geometry and anisotropy of the cell orpatterns were recorded with a charge-coupled device video
the viscous fingering patterns in polymer solutions, howevercamera-recorder method. The images of the recorded pat-
have not been well investigated in comparison with the finterns were printed by an image printer, and they were ana-
gering experiments involving simple liquids, such as oils andyzed by a Himawari-60 digital image analyzgribrary Co.
aqueous glycerin solutior}4,2,5,7,20—2% In this paper, we Tokyo). We can calculate an initial finger tip velocity,
report the results of viscous fingering experiments usinglefined by fitting an initial straight line on the plot of a given
aqueous HPMC solutions in a radial Hele-Shaw cell, a lineadistance from the inlet to the tip of the grown finger against
one, and a linear one with anisotropy as functions of HPMChe necessary time. More than 60 data points were used.
Rheological measurements of the HPMC solutions were
performed using a Rheometrics ARES viscoelastic measure-
* Author to whom correspondence should be addressed. ment system with a Couette geometouter cylinder diam-
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eter: 6.8 cm; inner cylinder diameter: 6.4 cm; immersion 1
length: 3.34 cm in the shear rate range from 0.1 to 1262 s
From the plots of the steady-state shear viscosity as a func
tion of the shear rate for the HPMC solutions, the HPMC
solutions of 1.0 and 0.5 g/100 ml displayed shear-thinning
behavior clearly at shear rates higher than round 20 anc
160 s'1, respectively, and their concentrations are beyond ar
overlapping concentration of HPMC solution, 0.19 g/100 ml.
The respective zero-shear rate shear viscositjgsfor 1.0
and 0.5 g/100 ml are 0.360 and 0.036 Pas. On the othe
hand, the 0.1 g/100 ml HPMC solution behaved as a New-
tonian fluid in the entire range of the shear rates studied ant @ (b)
the shear viscosity was 0.0022 Pas.

RESULTS AND DISCUSSION

Figure 1(1) shows fingering patterns at 4.5 kPa in the @)
radial cell. The fingering pattern of the 0.5 g/100 ml HPMC
solution is a tip-splitting one, whereas the pattern of the 1.0
/100 ml HPMC solution is different from the tip-splitting
one and it is classified as a highly branched pattern. Wher
the injection pressure increases, the finger width become (b)
thinner.

Figure 1(ll) shows finger patterns at 4.5 kPa in the iso-
tropic linear cell. A single finger at the lowest concentration
of the HPMC solution is similar to the Saffman-Taylor one
[26]; however, at the injection pressures of 1.5 and 2.0 kPe (©)
narrow pointed fingers are observed. Similar results were
observed for the PEO solutions at a lower tip velocity by
Bonn, Kellay, Ben Amar, and Meunidi6,17. The PEO T
solutions should not show clear shear thinning due to a lowe!
concentration than the overlapping concentration.

For the 0.5 g/100 ml HPMC solution at the injection pres-
sure of 4.5 kPa, a branching pattern is first developed and .
tip-splitting pattern is later observed, namely a morphologi-
cal transition in the fingering pattern. Such a pattern change
usually occurs at the pressure gradient of around 150 Pa/cn
which can be calculated by the ratio of the applied injection
pressure to the distance between the finger tip and the ur (b)
sealed edge, irrespective of the injection pressure. Beyon
the injection pressure of 6.0 kPa, the tip-splitting patterns are
similar to those displayed in Fig. da) and the form of the
resulting finger becomes less rounded with an increase in th
injection pressure. Below the injection pressure of 4.5 kPa, (c)
on the other hand, only the branching pattern is observed
The highest concentration of HPMC solution shows only the
branching pattern, and the skeletons become simple due to .~ | Typical fingering patterns for the 0@ and 1.0(b)

the pruning branches and the nharrowing b_ranChes' The r(5'57100 ml HPMC solutions at 4.5 kPa in a radial dg)| for the 0.1

son why either branched or tip-splitting fingers were ob-(5 5 ), and 1.0(c) g/100 ml HPMC solutions at 4.5 kPa in an

served at the higher HPMC concentration solutions shoulGssropic linear cell(il), and for the 0.1(a), 0.5 (b), and 1.0(c)

be attributed to the shear-thinning behavior. g/100 ml HPMC solutions at 4.5 kPa in an anisotropic linear cell
Figure 1(lll) shows finger patterns at 4.5 kPa in the an-(jj1). The diameter of the envelope of the patterns in the radial cell

isotropic linear cell. The lowest concentration of the HPMC s 10 cm. The length of the growth of the patterns in the linear cells

solution shows narrower and more pointed fingering patterng 18 cm.

than those observed in the isotropic cell. Furthermore, the

shapes of more pointed fingering patterns are similar to thosserved at any injection pressure. When the injection pressure

for Newtonian fluids in a grooved linear Hele-Shaw cell increases, the finger width becomes narrower and the finger

[22]. The width of the pointed finger decreases with an in-tip grows larger. The 0.5 g/100 ml HPMC solution shows the

crease in the injection pressure. For the 1.0 g/100 ml HPMGlendrite pattern and the side branches appear more infre-

solution, a finger tends to grow faster along the groove acguently than the 1.0 g/100 ml, and above the injection pres-

companied by side branches and a dendrite pattern is olsure of 4.5 kPa the dendrite pattern is drastically changed

[
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gradient, beyond which the finger growth occurs. This
growth seems to be attributed to some weak internal struc-
tures due to the interaction between the hydrophobic side

FIG. 2. Initial tip velocityV; as a function oV p for the 0.1(a),
0.5(b), and 1.0(c) g/100 ml HPMC solutions with different Hele-
Shaw cells: radial cellO), isotropic linear cel(®), and anisotropic
linear cell(N).

chains. Such internal structures should be broken down by
applied stress, leading to the shear-thinning behavior. More-
over, scattering the velocity data of the linear cells is mainly
attributable to the morphological changes in the patterns.
Thus, it can be concluded that the flow behavior of the
into one which meanders along the groove. The patteridPMC solutions deviates from Darcy’s law.
change is usually observed at the pressure gradient of around It is interesting to discuss the morphology transition at the
200 Pa/cm, which is higher than that in the isotropic cell.0.5 g/100 ml HPMC solution by taking into account its rhe-
The difference may be attributed to the fact that the flowology. The imposed shear rates defined by the ratio t@fb
instability occurs at larger velocities since the fingers in thg27] are calculated to be 160—170'sat Vp=200 Pa/cm
anisotropic cell are more stable than those in the isotropi@nd they are in good agreement with the shear rate, above
one. which the 0.5 g/100 ml HPMC solution shows shear thinning
In a Hele-Shaw cell experiment the velocity field in the as mentioned above. The reason why no morphological tran-
high viscous fluid can be assumed to be two dimensional ansition is observed at the highest HPMC concentration, on the
proportional to pressure gradievip as other hand, may be attributed to a gradual loosening of chain
entanglements under shear flow because the higher the
1) HPMC concentration, the stronger the chain entanglements.
The finger width is another important and characteristic
parameter in understanding the fingering pattern, and it is
whereuv is the finger tip velocityb is the plate separation of well known to be related to the dimensionless parameter of
the Hele-Shaw cell, and} is the viscosity of the more vis- 1/B=12(yv/y)(W/b)? [28,29, wherey is the surface ten-
cous fluid. Equatiorfl) is well known as Darcy’s law and it sion of fluid displaced an@V is the channel width. Instead of
is satisfied in Newtonian fluids. The tip velocities for water the finger width, the relative ratip of the finger width to the
and aqueous glycerin solution in our linear Hele-Shaw cellsralue of W is usually employed. In the present experiment,
can be found to be in agreement with Darcy’s law. we define the value of as the ratio of the area displaced by
The plots of the initial tip velocityv; againstVp for the  air over the total surface area until the distance from the inlet
HPMC solutions, are shown in Fig. 2. At the lowest HPMC to a position in which the tip velocity is determined, irrespec-
concentratiorV; is independent of the anisotropy in the cell, tive of the fingering pattern. In Fig. 3, the values)ofor the
but the velocity data appear to be fitted on a straight lindHPMC solutions are plotted as a function of the product of
without passing through the origin. V; and an effective viscosity), at the imposed shear rates

v=(b%/127)Vp,
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defined by the ratio ob to b, instead of 1B, since they  approach a plateau value in the respective cells, however, the
value=47.0 mN/m is constant independent of HPMC con-\ value becomes somewhat wider when changes in the pat-
centration. They, values are estimated from an interpolation tern morphology occur. The resulting plateawalue in the
of the plot of the steady-state shear viscosity as a function afotropic cell is lower than the Saffman-Taylor limit due to
the shear rate. The values in the isotropic cell are larger shear-thinning behavior, and it is larger than that in the an-
than those in the anisotropic one due to anisotropy and simisotropic cell. In conclusion, we have shown that the HPMC
lar results were obtained in Newtonian fluifg0—22. The  solutions in various Hele-Shaw cells exhibit systematic
value of\ in the isotropic cell for the 0.1 g/100 ml HPMC changes in the morphology of the fingering patterns as func-
solution is larger than the Saffman-Taylor limiting value of tions of the polymer concentration and the injection pressure.
0.5[26] and settles at a plateau value of 0.58. The widern particular, the resulting finger velocity in the radial cell is
deviation from the Saffman-Taylor limiting value was found almost the same as that in the anisotropic linear cell and the
in the experiments of dilute polymer solutiofiss,17]. pattern morphology changes can be well correlated with
For the higher HPMC concentrations, thevalue tends to  changes in the velocity as well as the finger width.
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