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Résumé, — La viscosité apparente de solutions diluées de polymére lors d’écoulements non inertiels dans des
canaux constitués de tubes courts ou de fentes séparées par des expansions cesse de suivre un comportement pseudo-
plastique en loi puissance au-deld d’une vitesse de cisaillement critique calculée pour la section contractée. Le
produit de cette vitesse de cisaillement critique par le temps de relaxation de Rouse est 4 peu prés constant pour
différents polymeres en pelote, différentes viscosités du solvant et différentes concentrations en polymére, indé-
pendamment de la forme géométrique exacte des ¢canaux. Quand la vitesse de cisaillement critique est atteinte,
la vitesse d’élongation maximale dans les sections convergentes de 'écoulement est supérieure & I'inverse du temps
de relaxation de Rouse. On s’attend dans ces conditions & une élongation des macromolécules et on peut inter-
préter le comportement dilatant par I'augmentation de la dissipation visqueuse accrue par suite de I’état allongé
des macromolécules dans les parties convergentes de I'écoulement.

Abstract. — The apparent viscosity of dilute polymer solutions in non-inertial flows through channels consisting
of successive short tubes or slits separated by expansions displays a marked divergence from shear-thinning power-
law behaviour beyond a critical shear rate calculated for constricted sections. The product of this critical shear
rate by the Rouse relaxation time was found to be nearly constant for various coil polymers, solvent viscosities
and polymer concentrations, independently of the exact geometric shape of the channels. When the critical shear
rate is reached, the maximum stretch rate in the converging sections is greater than the inverse of the Rouse rela-
xation time. An elongation of macromolecules is thus expected and the dilatant behaviour can be attributed to the

increased viscous dissipation due to the elongated state of macromolecules in the converging parts of flow.

1. Introduction. — Many studies dealing with
flow through porous media have shown that some
dilute polymer solutions exhibit a strong dilatant
behaviour, namely an increase in apparent viscosity,
when the flow rate exceeds a critical value [1-4]. This
dilatant behaviour, which is observed even when the
flow is quite non-inertial, has often been attributed to
the variations in cross-section existing in porous
media. But some disagreement among authors remains
about the mechanism occurring at the molecular
level, which is responsible for this dilatant behaviour.
The present study aims to relate the onset of this
dilatant behaviour to a characteristic time of the
macromolecule. In order to do this, we performed
experiments in various simplified models of porous

media, in which maximum shear rates in constricted
sections can be evaluated as a reference for the defor-
mation rate field.

2. Experimental. — The first type of model was
two-dimensional and consisted of short slits separat-
ed by large expansions. The second was three-dimen-
sional and very similar, ie. a series of short capillaries
separated by cylindrical expansions. These models
with their dimensions are shown in figure 1. The wall
shear rate  in the straight constricted sections was
calculated from flow rate and dimensions. This para-
meter is used as a reference for the deformation rates
for a quantitative discussion of the results, instead
of the maximum stretch rate ¢ in the converging sec-
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Fig. 1. — Diagram of two-dimensional and three-dimensional

models.

tions, because ¢ depends on flow pattern and cannot
be calculated. Nevertheless, for flow rates less than
those corresponding to the onset of dilatant beha-

Table 1. — Fluid properties.
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viour, the maximum value of ¢ was determined as a
function of by laser anemometry measurements in
very similar conditions [5]. The experiments consisted
in injecting polymer solutions through the tubes and
measuring the pressure drop between the upstream
and downstream reservoirs. The liquid flow was pro-
vided by an infusion pump used in clinical applica-
tions for injecting small volumes of liquids at cons-
tant and reproducible flow rates. The reservoirs and
the tube were maintained at 25 °C or 30 °C,

Differential pressures were measured by means of
U-tube manometers or an electronic manometer.
The Reynolds numbers for flow rates of interest near
the onset were always less than 10 so that inertial
forces can be considered as negligible.

Various hydrosoluble polymers, hydrolyzed poly-
acrylamide (HPAM), non-hydrolyzed polyacrylamide
(PAM) and poly-ethylene-oxide (PEO) (table I) were
used in this study. Their macromolecular weights
are very high, and their macromolecules have a coil
conformation. Variations in solvent viscosity were
obtained for PAM solutions by adding glycerol to

between the total pressure drop during polymer flow
and total pressure drop during solvent flow,-is equal
to the relative shear viscosity #, for shear rates lower

Overlap parameter
Polymer Molecular weight Solvent Concentration c.[nlo
HPAM 7 x 10° water 20g/1NaCl) | 21 < ¢ < 1357 0.07 to 4.7
water (5 g/l NaCl) 206 < ¢ < 1650 023 to 1.88
75 % water +
6 25 % glycerol 1650 ~2
PAM 4.5 x 10 (5 g/l NaCl)
50 9, water + _
50 %, glycerol 1650 ~ 2
(5 g/ NaCl)
PEO 4.0 x 10° distilled water 2000 ~ 22
water. Polymer concentrations were changed to a
large extent from dilute (isolated macromolecules) 20
to intermediate regime (overlapped macromolecules,
but not strongly entangled) as shown by the values & WO~ DIMENSIONAL. MODEL
of the Simha overlap parameter ¢{ 5], given in table I ; ?;w-
[n], is the intrinsic viscosity at zero shear rate and ¢ ;
is the polymer concentration. 5 5
3. Results and discussion. — Typical plots of the g
« apparent relative viscosity » 7, as a function of Ez_ 5 /
the wall shear rates y calculated for constricted sec- < T
tions are shown in figures 2 and 3 for models 1 and 2. . ‘ . '
‘The apparent relative viscosity, which is the ratio o' 102 ©0* 10*

WALL SHEAR RATE ,s7!

Fig. 2. — Dilatant behaviour observed in the two-dimensional
model for the HPAM polymer (¢ = 340 ppm).
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Fig. 3. — Dilatant behaviour observed in the three-dimensional
model for the HPAM polymer (c = 340 ppm) : A model with
45 constricted sections; @ model with one constricted section.

than a critical shear rate y*. Beyond this critical shear
rate, we observe a divergence from the power-law
behaviour similar to the one previously observed for
capillaries of the same radius having different
lengths [6]. Due to the relatively low value of the
length-to-diameter ratio //r = 10, this divergence gives
an increase in apparent viscosity, a phenomenon often
designated by the term dilatant behaviour. In figure 3,
we have also plotted the n,, — 7 curve for a model
having only one constricted section identical to that
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of model 2. The onset 3* of dilatant behaviour is
nearly independent of the number of constricted
sections. These observations are consistent with the
interpretation we gave in a previous publication for
the very high entrance pressure drop observed in a
capillary [6]. We assumed that macromolecules are
elongated by extensional flow near the entrance to
constricted sections when the stretch rate ¢ is high
enough, i.e. ¢ higher than a critical value &*.

Now we will examine the variation of the critical
shear rate y* as a function of the some physico-
chemical parameters : solvent viscosity, nature of
the polymer and polymer concentration. For this
purpose a characteristic time of the macromolecule
is derived from Rouse’s theory [7]. The longest relaxa-
tion time of the macromolecule in a solution 7,
is calculated by the following equation

6 ’11‘0_1 M

nz'r’s. - —R_T

Tl =

where 7, is the solvent viscosity, #,, the relative vis-
cosity at zero shear rate and M the molecular weight
of the polymer. The effect of solvent viscosity and the
nature of the polymer were tested in the two-dimen-
sional models. The results are given in table II. Given
the accuracy in the determination of y*, the product
y*.7, can be considered to be a constant, between 5
and 9, independent of the two parameters tested.

Table II. — Onset of dilatant behaviour : effect of solvent viscosity and nature of polymer (two-dimensional

model).
Polymer solution Solvent 7, X 10*s 7% 571 P* X 1,
water
PAM (5 g/l NaCl) 20 2 800 5.6
water (75 %)
¢ = 1650 ppm glycerol (25 %) 5.2 1700 8.8
(5 g/l NaCl)
water (50 %)
glycerol (50 %) 15.8 560 8.8
(5 g/1 NaCl)
HPAM water
¢= 340 ppm (20 g/l NaCl) 6.40 1200 71
PEO
¢ = 2000 ppm water 1.45 4 500 6.5

Using the three-dimensional tubular model, the
effect of the polymer concentration was tested in a
wide concentration range from 21 to 1 360 ppm. From
the n,, — 7 curves shown in figure 4, the values of
7* and t©,; were obtained and are given in table IIL

This time, the product of the Rouse relaxation time by
the critical shear rate decreases slightly with polymer
concentration but all values are also found between 9
and 13.

Taking into account the significant variation obtain-
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Fig. 4 — The effect of polymer concentration on the dilatant
behaviour (three-dimensional model; HPAM polymer) : (1)
¢ =21 ppm; (2)42;(3) 85;(4) 170; (5) 340; (6) 680; (7) 1 360. For
these concentrations, the shear viscosity (open symbols) was deter-
mined by Siregar [8].

Table III. — Onset of dilatant behaviour : effect of
the polymer concentration (three-dimensional model).

¢ (ppm) 21 | 42| 85| 170 | 340 | 680 |1360
1, x10°(6) | 44| 46| 47| 54| 64| 87 143

7671 [3100 2900 [2400 [1850 {1550 [1160 | 610

7 x 1, 136] 131 112{ 10| 99 100 87

ed for 7, and the value of the ratio &7y (¢/7 ~ 0.4)
for similar solutions [5] (340 ppm dissolved in a mix-
ture of 80 9, glycerol and 20 9, water), it can be conclud-
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ed that the onset of dilatant behaviour occurs when the
stretch rate in the converging zone is sufficiently higher
than the inverse of the Rouse relaxation time (¢.7, ~ 4)
predicted by theoretical investigations [9-11]. More-
over, the slight variation in the product y*.7, with
polymer concentration is consistent with the hypo-
thesis of a constant value of £*.17, because the ratio
&/y is expected to decrease when the polymer concen-
tration decreases, i.e., the solution is more and more
Newtonian.

4. Conclusion. Experiments performed in
channels consisting of successive contractions and
expansions have shown that dilatant behaviour occurs
when the maximum stretch rate in the flow is higher
than the inverse of the Rouse relaxation time. Thus,
the dilatant behaviour can be explained by the sudden
increase in viscous dissipation in converging sections
when macromolecules have been stretched by hydro-
dynamic forces. The obvious similarity of dilatant
behaviour in porous media [12] suggests that the
same mechanism occurs, as previously, predicted [11]
or claimed [4, 10]. A quantitative comparison between
dilatant behaviour in channels with varying cross-
sections and in porous media is now being made in
order to obtain a definite conclusion.
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