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Abstract:
An effort is made to determine theoretically the new rheological properties of a rheologically defined non-Newtonian fluid as a result of the addition of particles in the original fluid. A theoretical model is proposed to determine the rheological properties of a dilute suspension of infinite-length round particles for a Power-Law fluid,
which is treated as a homogeneous fluid with new rheological properties. The equations of a two-dimensional,
dilatational, creeping, steady-state flow of a near-Newtonian fluid around a solid circular particle are developed
and solved. The solution is obtained by computation of the dissipation relation and is based on the change of
the shear rate in a shear flow of the suspension. The model is solved numerically. The resulting from the particle addition fluid is found to be more shear-thinning in comparison to the original. Experimental evidence from
the literature supports the soundness of the present findings.
Zusammenfassung:
In dieser Arbeit wird ein Ansatz dargestellt, um das rheologische Verhalten eines definierten, mit Partikel gefüllten nicht-Newtonschen Fluids als Funktion der Partikelkonzentration zu bestimmen. Ein theoretisches Modell
wird vorgestellt, um die rheologischen Eigenschaften einer verdünnten Suspension von unendlich langen, runden Partikeln in einem Potenzgesetz-Fluid zu ermitteln, das durch ein homogenes Fluid mit neuen rheologischen
Eigenschaften modelliert wird. Die Gleichungen für eine zwei-dimensionale stationäre Kriechströmung in Dehnung um einen festen, kreisförmigen Partikel werden aufgestellt und gelöst. Die Lösung folgt aus der Berechnung der Dissipationsbeziehung und basiert auf einer Änderung der Schergeschwindigkeit in der Scherströmung
der Suspension. Das Modell wird numerisch gelöst. Die Zugabe der Partikel führt zu einem ausgeprägten strukturviskosen Verhalten im Vergleich zu der reinen Flüssigkeit. Experimentelle Literaturdaten unterstützen unsere Ergebnisse.
Résumé:
Un effort pour déterminer théoriquement les nouvelles propriétés rhéologiques d’un fluide non Newtonien
résultant de l’addition de particules au fluide original est présenté. Un modèle théorique est proposé afin de
déterminer les propriétés rhéologiques d’une suspension diluée de particules rondes infiniment longues dans
un fluide à loi de puissance, qui est traitée comme un fluide homogène possédant de nouvelles propriétés rhéologiques. Les équations d’un écoulement bidimensionnel dilatant et établi d’un fluide non newtonien autour
d’une particule solide et circulaire sont développées et résolues. La solution est obtenue en calculant la relation
de dissipation et est basée sur le changement de la vitesse de déformation dans l’écoulement en cisaillement
de la suspension. Le modèle est résolu numériquement. Le fluide résultant de l’addition de particules s’avère
plus rhéo-amincissant que le fluide originel. L’évidence expérimentale reportée dans la littérature supporte les
résultats présentés.
Key words: Suspension, non-Newtonian, shear-thinning, rheological properties

1

INTRODUCTION

Non-Newtonian fluids play an important role in
various industries. They are employed in food,
cosmetics, chemical, aerospace [1] and other in dustries. Some non-Newtonian fluids exhibit
shear-thinning behavior and have a finite yield
stress, properties that make such fluids attrac© Appl. Rheol. 22 (2012) 15163

tive for many applications. Their significant
advantage is the possibility of addition of powders to the fluid. In Newtonian liquids, powders
tend to settle in the bottom of the tank during
storage and render the addition useless. NonNewtonian fluids have high, controllable zeroshear viscosity and yield stress, thus reducing the
DOI: 10.3933/ApplRheol-22-15163
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Figure 5:
The experimental results of
Harzallah and Dupuis [14]
for suspensions in a Newtonian fluid.

tankar and Hu [27] perform a theoretical assessment of a shear flow of such a suspension and
support our findings. Examination of the derivative of the shear stress in Figure 3 of Reference 27
clearly indicates that shear-thinning was obtained. In another paper [18], Patankar and Hu
show that dilute suspensions in a non-shearthinning fluid exhibit shear-thinning behavior.
The second reason why theoretical works in
many cases do not find non-Newtonian behavior
is due to the order of magnitude of these effects.
In this work, we consider effects of 0(f), which
are perturbations on the Newtonian solution. In
turn, the Newtonian solution is a perturbation of
the undisturbed flow. Therefore, the flow due to
non-Newtonian effects is two orders of magnitude smaller than the undisturbed flow. Most
works neglect these orders of magnitude [3, 5,
28]. However if these orders of magnitude are not
neglected, non-Newtonian effects appear [27,
29]. The non-Newtonian effects are so weak that
for any practical purpose, a dilute suspension of
round particles in a Newtonian fluid can be considered Newtonian and Einstein’s result (Equation 2) is valid. Therefore, the importance of the
results lies in the theoretical sphere, since (as it
is shown below) it explains the onset of nonNewtonian behavior that can be observed in
more concentrated suspensions.
There are also some experimental works
that support our findings. Most of the experimental work is done on three-dimensional bodies; however, it changes only the quantitative
result. The principle that a dilute suspension of
round particles in a Newtonian fluid exhibits a
shear-thinning behavior stands. Dullaet and
Mewis [30] present the results of rheological
measurements of a 2.9 % fumed silica dispersion
in a Newtonian mix of paraffin oil and polyisobutylene. From their results it is evident that
the suspension exhibits a slight shear-thinning
behavior. The Harzallah and Dupuis [14] results,
presented in Figure 5, clearly show a slight shear
thinning for suspensions of concentration as low
as 5 % (it also might have been seen at 2% concentration, but the authors show large symbols
for their plot and the trend is not clear). Several
series of experimental observations of suspensions in Newtonian fluids, for concentrations

from 11.8 to 15 %, show that mild shear-thinning
is obtained [10 – 12]. In the case of an 11.8 % suspension [10] the resulting power index was
ns = 0.88, which is in line with the trend found in
this work.
Another issue is about what is not found in
the literature. As it was mentioned in the introduction, it is observed that at relatively low
shear-rates non-dilute suspensions exhibit a
shear-thinning behavior. However, there is no
accepted concentration for that which it happens. The findings in this work may indicate that
non-Newtonian behavior starts immediately
and is always present, but is not always visible. A
possible answer to this has to do with the nature
of shear-thinning fluids. In general, the viscosity
is expected to decrease by several orders of magnitude with increasing shear rate, whereas the
presented theory, valid for a dilute, near-Newtonian fluid, predicts only a small drop in the
measured viscosity. As was explained above, the
order of magnitude of non-Newtonian effects is
very small. Therefore, it can be easily overlooked
or be treated as experimental uncertainty or
small instrument error.

6

CONCLUSIONS

A viscosity analysis has been conducted for dilute
suspensions of near-Newtonian, P-L suspending
fluids. New rheological indexes and new viscosity of the resulting fluid have been calculated. It
has been shown that the lower the P-L exponent
of the suspending fluid is (i.e., the fluid is more
shear-thinning), the resulting fluid is even more
shear-thinning (P-L exponent decreases) and its
viscosity is higher. It also has been found that the
shear-thinning behavior of suspensions based on
Newtonian fluids starts even when the suspensions are dilute. This result requires more investigation but it lays down a theoretical basis for
the non-Newtonian behavior of suspensions.
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