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ABSTRACT

In this paper, we will attempt to extract some principles
concerning the flow-induced anisotropy which develops in the
settling of particles in Newtonian and viscoelastic fluids.  Our
point-of-view is that the local microstructure, which is
determined by the hydrodynamic interactions between
neighboring particles, determines the global anisotropic
structure of a fluidized suspension.  The particle pair
interactions which develop are due to inertia and normal
stresses and they are maximally different in Newtonian and
viscoelastic liquids.  This difference is caused by a reversal in
the sign of the pressure at low speeds.  At much larger super-
critical speeds, inertia can again cause the particles in a
viscoelastic fluid to line up across the stream as in a Newtonian
fluid at low speeds.

INTRODUCTION

We are going to carry out an analysis of our recent
experiments on the sedimentation of particles in Newtonian
and viscoelastic fluids.  By viscoelastic fluids I mean the
moderately-concentrated polymer solutions, like 1% polyox,
typically used in our experiments; in fact, we used about 15
different solutions in our experiments and it can be said that the
results to be described are generic and not results for one
special fluid.  Of course, the differences between fluids is
important, but we shall not focus on these differences which
are well documented in our original papers:  Joseph, Nelson,
Hu and Liu [1], Liu and Joseph [2], Joseph and Liu [3], Liu,
Nelson, Feng and Joseph [4] and Joseph, Liu, Poletto and Feng
[5].  There is a prior literature, well documented in the second
and second-to-last papers just mentioned, but we shall not
review that literature here.  In fact, the main themes in our
interpretations were not proposed by prior authors; these
themes rest on the competition between inertia and normal
stresses, on the importance of turning couples on long bodies in
determining the stable configurations of suspension of
spherical bodies, on the contrary behaviors of particles in
viscoelastic and Newtonian liquids, on the all-important
reversal of pressure and the inertia restoring effects of a change
of type.  We are going to emphasize the broad lines of the

subject and de-emphasize supporting details which in any event
are exhaustively discussed in the literature cited above.

We hope to convince readers of the overwhelming
importance of microstructure on the overall properties of a
fluidized suspension.  That is why it is really necessary to
compare these suspensions in Newtonian and viscoelastic
fluids where they are radically (we say “maximally”) different
and to explain the reasons why.

ANALYSIS

    Turning Couples On Long and Broad Bodies   
A long body is like an ellipsoid or a cylinder.  A broad

body is like a flat plate.  When such bodies are dropped in
Newtonian fluids, they turn and put their long or broadside
perpendicular to the stream.  This is an effect of inertia which
is usually explained by turning couples at points of stagnation
as in Fig. 1.  The mechanism is the same one that causes an
aircraft at a high angle of attack to stall.

It is not possible to get long particles to turn broadside
in a Stokes flow; bodies with fore-aft symmetry do not
experience torques.  The settling orientation is indeterminate in
Stokes flow; however, no matter how small the Reynolds
number may be, the body will turn its broadside to the stream;
inertia will eventually have its way.

When the same long bodies fall slowly in a
viscoelastic liquid, they do not put their broadside
perpendicular to the stream; they do the opposite, aligning the
long side parallel to the stream.

The difference in the orientation of long bodies falling
in Newtonian and viscoelastic fluids is very dramatic; basically
the flow orientations in the two fluids are orthogonal.  Of
course, in very dilute polymeric liquids, the effects of inertia
and viscoelasticity will compete and the competition will be
resolved by a tilt angle away along the stream.  For cylinders
with sharp corners, there are small effects which produce the
“shape tilting” discussed by Liu and Joseph [2].

Another, much more dramatic change in the tilting of
a long cylinder or flat plate is associated with the way that
inertia comes to dominate high-speed flows of viscoelastic
fluids, which will be discussed in a later section of this paper.
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Fig. 1. Potential flow past an ellipse.  The pressure at
stagnation points s will turn the broadside of the
body into the stream.  If the extensional stress at
s were reversed, as may be possible in a
viscoelastic liquid, the body would line up with
the stream.  Essentially the same mechanism
works at the front of a long body in viscous fluid
at finite Reynolds numbers, with rocking of the
body due to vortex shedding at the back of the
body (see Huang, Feng and Joseph [6]).
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Fig. 2. Shape tilting.  Cylinders falling in S1 in the
channel of 0.5 × 6.7 × 25.5 in. except particle (6)
in the channel of 1 × 1.63 × 28 in.  The particles
(1) to (6) are tungsten carbide and (7) to (9) are
brass.  Their diameters range from 0.312 to
0.625 in., lengths from 0.4 to 3.53 in.
(Reproduced from J. Rheology, 37(6), p. 970,
1993, with permission.)

    Reversal of the Pressure    
The main idea is already described in Fig. 1; our

purpose here is to show that equations of flow do give rise to a
reversal of the signs of the pressure.

Some of the principal causes for the reversal of the
pressure can be seen in the equations governing the potential
flow of a second order fluid.  A dimensionless form of
equations is given by (1) below, but it is impossible to satisfy
the boundary conditions with a potential.  For the present
discussion, it is better to proceed in a dimensional formation
given in Joseph [7].  Not all models of a viscoelastic fluid
admit potential flow as a solution irrespective of the boundary
conditions (Joseph and Liao [8]), but a second order fluid does,
and for these, there is a Bernoulli equation which is in the form
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where β  is the climbing constant which is positive in nearly all
viscoelastic liquids and can even be large.  Obviously there is a
competition between inertia ρ u 2  and normal stresses β ∇u 2

with the latter dominating for slow speeds and large gradients.
Inertia scales with the square of the velocity and normal
stresses scales with the square U L2 2  of the shear rate.
Experience has taught that the viscoelastic effects are much
greater near boundaries quite independent of any assumption
about potential flow because the shear rate is greater.  Carrying
out analysis of potential flow a little further, we find that at a
stagnation point, the stress σ11 in the direction x1 of stretching
is given by
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where γ̂  is a positive combination of first and second normal
stress coefficients and ṡ  is a dimensionless rate of stretching
(see Joseph, Nelson et al. [1]).  Equation (2) shows clearly how
the sign of the normal stress at a point of stagnation can be
reversed by high rates of stretching in a viscoelastic fluid.

The conclusion just reached would be far reaching if it
could be shown that a scenario similar to the one suggested by
the potential flow analysis can be realized in a real fluid.  In
fact, the analysis of Feng, Joseph, Glowinski and Pan [9] does
give rise to such a scenario at least for motions perturbing
Stokes flow.  In such a perturbation, the second order model is
a universally valid expression of how any model would behave
in such a slow flow, so the results are very general with regard
to the material but restricted with regard to flow speed and
shear rate.

The orientation of an ellipsoid falling in a viscoelastic
fluid filling a long cylinder of square cross-section is studied
by methods of perturbation theory, with the added caveat that
the perturbation problems are resolved without approximation
by direct numerical simulation.  Asymptotically, for small fall
speeds, the fluid’s rheology is described by a second order
fluid model.  There are three problems:  the zeroth-order
Stokes problem for a translating ellipsoid and two first order
problems, one for inertia and one for second order rheology.  A
Stokes operator is inverted in each of the three cases.

The problem solved is described mathematically by
the following equations (in dimensionless form)
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where p  is the pressure, u  is the velocity in a system of
coordinates in which the ellipse is stationary and the sides of
the rectangular channel move up with a unit velocity.  R is a
Reynolds number and W  is a Weissenberg number.  The
coefficient of W represents the effects of normal stress.  The
problem is solved by perturbations

u u u u= + +
= + +

0 1 2

0 1 2

R W
p p Rp Wp (4)

where u0 and p0 are a Stokes flow, u1 and p1 are perturbations
of Stokes flow with inertia and u2 and p2 are perturbations of
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Stokes flow with normal stresses.  The perturbation problems
are generated in the usual way, but they are solved numerically.

A fictitious domain was used to solve these boundary
value problems on multiply-connected domains.  The basic
idea is to convert the original problem into a new one posed on
an auxiliary domain of a simple shape which contains the
actual domain.  Then structured mesh and fast solvers can be
used on the auxiliary domain.  The application of this method
to incompressible viscous flows has been explored by
Glowinski, Pan and Periaux [10].  Sketches of u0, u1, u2, p1 and
p2 are shown in Fig. 3, together with explanatory captions.

(a) Stokes flow u0.

high pressure

high pressure

low
pressure

low
pressure

(b) Perturbation of Stokes flow with inertia,
streamlines u1 and pressure p1.

high
pressure

high
pressure

low
pressure

low
pressure

(c) Perturbation of Stokes flow with normal
stresses, streamlines u2 and pressure p2.

Fig. 3. Perturbation of Stokes flow (a) in a long
cylinder of square cross-section with inertia (b)
and normal stresses (c).  The Stokes flow (a)
enters from the bottom and leaves from the top.
The stagnation points in (a) locate the position
of high pressure in (b) and low pressure in (c).
The flows in (b) and (c) are symmetric in the
sense that the flow is into both top and bottom
points of stagnation in the inertial case (b) and
just the opposite in the viscoelastic case (c).
The flows go from high to low pressure.
(Reproduced from J. Fluid Mech. 286, 1995,
with permission.)

The results show that the signs of the perturbation
pressure and velocity around the particle for inertia are
reversed by viscoelasticity.  The moments are also of opposite
sign:  inertia turns the major axis of the ellipsoid perpendicular
to the fall; normal stresses turn the major axis parallel to the
fall.  The competition of these two effects gives rise to an
equilibrium tilt angle between perpendicular and parallel,
which the settling ellipsoid would eventually assume.  The
equilibrium tilt angle is a function of the elasticity number,
which is the ratio of the Weissenberg number and the Reynolds
number.  This ratio is velocity-independent and the theory is
valid for small velocities.  Very small elasticity numbers are
required to make the ellipsoid turn to a fixed angle of tilt
between perpendicular and parallel.  The results are in
qualitative agreement with observations of shape tilting but
they do not explain the sudden turning of a long body which
occurs when a critical fall velocity is exceeded.

    Tilt Transition    
Liu and Joseph [2] have done experiments on the

settling of long cylinders in aqueous solutions of polyox and
polyacrylamide, and in solutions of polyox in glycerin and
water.  The tilt angles of long cylinders and flat plates falling in
these viscoelastic liquids were measured.  The effects of
particle length, particle weight, particle shape, liquid properties
and liquid temperature were determined.  In some experiments,
the cylinders fall under gravity in a bed with closely-spaced
walls.  No matter how or where a cylinder is released, the axis
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of the cylinder centers itself between the close walls and falls
steadily at a fixed angle of tilt with the horizontal.  A
discussion of the tilt angle may be framed in terms of
competition between viscous effects, viscoelastic effects and
inertia.  When interia is small, viscoelasticity dominates and
the particles settle with their broadside parallel or nearly
parallel to the direction of fall.  When inertia is large, the
particles settle with their broadside perpendicular to the
direction of fall.  The tilt angle varies continuously form 90˚,
when viscoelasticity dominates, to 0˚, when inertia dominates.
The balance between inertia and viscoelasticity was controlled
by systematic variation of the weight of the particles and the
composition and the temperature of the solution.  Particles will
turn broadside-on when the inertia forces are larger than
viscous and viscoelastic forces.  This orientation occurred
when the Reynolds number R was greater than some number
not much greater than one in any case, and less than 0.1 in
Newtonian liquids and very dilute solutions.  In principle, a
long particle will eventually turn its broadside perpendicular to
the stream in a Newtonian liquid for any R > 0, but in a
viscoelastic liquid this turning cannot occur unless R > 1.
Another condition for inertial tilting is that the elastic length
λU should be longer than the viscous length υ /U where U is
the terminal velocity, υ  is the kinematic viscosity and λ  =
υ /c2 is a relaxation time where c is the shear wave speed
measured with the shear wave speed meter (Joseph [11]).  The
condition M = U/c > 1 was provisionally interpreted by Liu
and Joseph [2] as a hyperbolic transition of solution of the
vorticity equation analogous to transonic flow.  They showed
that strong departures of the tilt angle from θ = 90˚ begin at
about M = 1 and end with θ = 0˚ when 1 < M < 4 (see figures 4
and 5 for some representative results).

It is perhaps helpful to frame the criteria for the tilt
transition in terms of a comparison between the fall speed U
and the other speeds which depend on material and not on U;
long and broad objects falling in a viscoelastic liquid will turn
broadside to the stream when the fall velocity U is greater than
the diffusion speed υ /d and the shear wave speed c.  The
reason is that under these conditions, signals cannot reach the
fluid before the falling body and the body feels the pressures of
potential flow at its front side.  Such pressures turn the body
broadside-on.

R < 1
M < 1

R = O(1)
M = O(1)

R > O(1)
M > O(1)

Newtonian Viscoelastic

R > 0

Fig. 4. Orientation of cylinders falling in Newtonian
and viscoelastic liquids.
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(a) Cylinders (length 0.8 in., diameters 0.25 -
0.312 in.) falling in polyox/water solution
(concentration from 0.5% to 1.5%)
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(b) Cylinders (length 0.8 in., diameters 0.1 - 0.4
in.) falling in 0.8% polyox in glycerin/water
solution (glycerin concentration from 10% to
35%).
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(c) Cylinders (length 0.8 in., diameters 0.1 - 0.4
in.) falling in 2% polyacrylamide/water
solution.

Fig. 5. Tilt angle vs. Reynolds number and Mach
number.  The data are taken from cylinders with
round ends only.  (Reproduced from J. Fluid
Mech. 255, 1993, with permission.)

     Microstructure   
The flow-induced anisotropy of a sedimenting or

fluidized suspension of spheres interact.  The principal
interactions can be described as drafting, kissing and tumbling
in Newtonian liquids (Fig. 6) and as drafting, kissing and
chaining in viscoelastic liquids (Fig. 7b).  The drafting and
kissing mechanisms involved in the two interactions scenarios
are distinctly different, despite appearances.  Kissing spheres
align with the stream; they are then momentarily long bodies.

Fig. 6. Drafting, kissing and tumbling.

(a) (b)

Fig. 7. Flow-induced anisotropy of fluidized suspen-
sions:  (a)  particles across the stream are induc-
ed by drafting, kissing and tumbling in water;
(b) chain of spheres settle in a polyox solution.

The long bodies momentarily formed by kissing
spheres are unstable in Newtonian liquids to the same turning
couples that turn long bodies broadside-on.  Therefore, they
tumble.  This is a local mechanism which implies that globally,
the only stable configuration is the one in which the most
probable orientation between any pair of neighboring spheres is
across the stream.  The consequence of this microstructural
property is a flow-induced anisotropy, which leads
ubiquitously to lines of spheres across the stream; these are
always in evidence in two-dimensional fluidized beds of finite
size spheres, as shown in Fig. 7a.  Though they are less stable,
planes of spheres in three-dimensional beds can also be found
by anyone who cares to look.

The mechanisms involved in drafting and kissing of
spheres in a Newtonian liquid are like the mechanism by which
one cyclist is aided by the low pressure in the wake of the load
cyclist.  The spheres certainly do not follow streamlines since
they are big and heavy.  If a part of one spheres enters in the
wake of another, there will be a pressure difference to impel
the second sphere all the way into the wake where it
experiences a reduced pressure at its font and not so reduced
pressure at the rear.  This increased pressure difference impels
the trailing sphere into kissing contact with the leading sphere.
The motion of the trailing sphere relative to the leading one is
in the same sense as in the undisturbed case, into the rear pole
of the leading sphere.

In a viscoelastic fluid, the secondary motions due to
viscoelasticity are reversed (see Fig. 3) leading to a negative
wake at least in slow flow (Joseph and Feng [12]) so that the
attraction between the spheres is apparently of a different
nature, which we think is due to a reversal of the pressure.

Riddle, Navarez and Bird [13] presented an
experimental investigation in which the distance between the
two identical spheres falling along their line of centers in a
viscoelastic fluid was determined to be a function of time.
They found that for all five fluids used in the experiments that
the spheres attract if they are initially close and separate if they
are not close; there is a critical separation distance.  We
showed that there is also a critical distance for side-by-side
attraction.

The aforementioned results suggest that the attraction
is a short-range effect, with no attraction when the sphere
centers are far enough apart.  This again looks like a
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competition between normal stresses and inertia, which is
decided by a critical distance which may vary with latitude.
Competition of normal stresses and inertia is more typical than
rare, and the analysis we gave for the reversal of the pressure
also implies that for flows slow enough to enter into second
order region, the critical L might scale with α /ρ , where α  is
representative of the coefficient α1 and α2 of the second order
fluid.  We also see the strongest kind of evidence for a reversal
of the pressure, which is discussed next.

The attraction of neighboring spheres is consistent
with a reversal in the sign of the pressure as in Fig. 3(c); this is
a short-range tension proportional to the square of the gradient
of velocity which pulls spheres together.  The orientation of the
long body formed by chained spheres is stable only when the
chain is vertical, perpendicular to the across-the-stream
arrangements which arise from drafting, kissing and tumbling
in Newtonian liquids.

The experiments which lead to chained spheres are
completely consistent with the idea that the principal stretch
(principally the pressure, see Fig. 3) reverses sign due to short-
range forces proportional to the square of the velocity gradient
which scales like U L2 2  (as in (2)).  This kind of mechanism
should lead to pulling tensions at the front and back of a chain
(see Fig. 8a).  Indeed, this remarkable feature is readily seen in
typical experiments on sedimentation, like the one shown in
Fig. 7b, giving rise to chained spheres.  The property that
chaining tensions are short range is also put in evidence in Fig.
8b, which shows that spheres can also detach from the trailing
end of a chain when the distance between the last two spheres
exceeds a critical value, as in the experiments of Riddle et al.
[13].

          (a) (b)

δ < δcr

δ > δcr

Fig. 8. The falling chained spheres are viewed in a
frame in which they are at rest.  Particles may
link to the chain from the bottom or top.  If
δ δ>

cr
       the chained spheres will fall away faster

than the trailing sphere.

    Sphere-Sphere Interactions   
If two touching spheres are launched side-by-side in a

Newtonian fluid, they will be pushed apart until a stable
separation distance between centers across the stream is
established;  then the spheres fall together without further
lateral migrations (see Fig. 9a).

dispersion aggregation

Newtonian Viscoelastic

(a) (b)

Fig. 9. Side-by-side sphere-sphere interactions.

On the other hand, if the same two spheres are
launched from an initial side-by-side configuration in which
the two spheres are separated by a gap as in Fig. 9b, the
spheres will attract, turn and chain.  One might say that we get
dispersion in the Newtonian liquid and aggregation in the
viscoelastic liquid.

    Sphere-Wall Interactions   
If a sphere is launched near a vertical wall in a

Newtonian liquid, it will be forced away from the wall to an
equilibrium distance at which lateral migrations stop (see Fig.
10a).  In the course of its migration, it will acquire a counter-
clockwise rotation (see Fig. 11) which appears to stop when the
sphere stops migrating.  The rotation is anomalous in that
clockwise rotation would be induced from shear at the wall.
The anomalous rotation seems to be generated by blockage in
which high stagnation pressures force the fluid to flow around
the outside of the sphere, as shown in Fig. 11.

dispersion aggregation

Newtonian Viscoelastic

(a) (b)

Fig. 10.  Wall-sphere interactions.
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Fig. 11.  Cartoon of the settling of a circular particle in a
Newtonian fluid at a vertical wall in a
coordinate system in which the center of the
particle is at rest, so the wall moves up with
speed U0.  If the particle is dropped at the wall,
the fluid will go around the outside and turn the
particle in the anomalous sense as shown.  There
are two “stagnation” points S on the circle where
the shear stress vanishes associated with high
positive pressure on the bottom and a smaller
negative pressure near the top.  The positive
pressure “lifts” the particle away from the wall
and it seeks an equilibrium in the channel center.
When the normal stress effects reverse the high
pressures at and near the bottom stanation point,
the particle will be pulled to the wall.
(Reproduced from J. Non-Newtonian Fluid
Mech. 50, 1993, with permission.)
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If the same sphere is launched near a vertical wall in a
viscoelastic liquid, it will be sucked all the way to the wall (see
Fig. 10b).  It rotates anomalously as it falls.  This is very
strange since the sphere appears to touch the wall where
friction would make it rotate in the other sense.  Closer
consideration shows that there is a gap between the sphere and
the wall.  The anomalous rotation is again due to blocking
which forces liquid to flow around the outside of the sphere.
The sucking action of the wall can be explained by a reversal
of the normal stresses, the pressures near the stagnation points
at the dividing streamlines shown in Fig. 11.

The pulling action of the wall can be so strong that
even if the wall is slightly tilted from the vertical so that the
sphere should fall away from vertical, it will still be sucked to
the wall (see Fig. 12).

g

Fig. 12. A sphere in viscoelastic liquid is sucked to a
tilted wall.

If the launching distance between the sphere and a
vertical wall is large enough, the wall will not attract a sphere
falling in a viscoelastic fluid.  This means that there is a critical
distance δ  for attraction.  Of course, this distance is smaller
when the wall is tilted as in Fig. 12.  In this case, if the sphere
is launched at a distance greater than the critical one, it will fall
away from the wall.

The effect of two closely-spaced walls on the
migration of particles is not completely understood.  We have
just said that spheres which fall near a wall in a viscoelastic
liquid will be pulled to the wall, but not if the launching
distance from the wall is larger than a critical one.  On the
other hand, we noted that spheres and cylinders dropped
between closely-spaced walls do center.  We may think that if a
sphere is launched between widely-spaced walls at a distance
farther than the critical one, it will not be attracted to the near
wall and certainly not to the far one.  So the equilibrium
position will depend on the initial distance, or it is more likely
from symmetry to seek the center, as shown in Fig. 13.  We do
not know the answer yet.

Fig. 13. Spheres dropped between widely-spaced
walls.  The dotted line is the critical distance
δcr for wall-sphere interaction.  When δ < δcr,
the sphere goes to the wall.  When δ > δcr,
the sphere seeks the center.

If the walls are so closely spaced that the distance d
between walls is equal to or smaller than the critical one δ  for

migration, then both walls will attract the sphere, though
perhaps not equally.  Experiments suggest centering in this
case.

    Anomalous Rolling of Spheres Down an Inclined Plane   
A sphere in air will roll down a plane that is tilted

away from the vertical.  The only couple acting about the
point-of-contact between the sphere and the plane is due to the
component of the weight of the sphere along the plane,
provided that air friction is negligible.  If on the other hand the
sphere is immersed in a liquid, hydrodynamic forces will enter
into the couples that turn the sphere, and the rotation of the
sphere can be anomalous, i.e., as if rolling up the plane while it
falls.  Anomalous rolling is a characteristic phenomenon that
can be observed in every viscoelastic liquid tested so far.
Anomalous rolling is normal for hydrodynamically levitated
spheres, both in Newtonian and viscoelastic liquids.  Normal
and anomalous rolling are different names for dry and
hydrodynamic rolling.  Spheres dropped at a vertical wall in
Newtonian liquids are forced into anomalous rotation and are
pushed away from the wall while in viscoelastic liquids, they
are forced into anomalous rotation, but are pushed toward the
wall.  If the wall is inclined and the fluid is Newtonian, the
spheres will rotate normally for dry rolling, but the same
spheres rotate anomalously in viscoelastic liquids when the
angle of inclination from the vertical is less than some critical
value (see Fig. 14).

More details about anomalous rolling can be found in
the paper by Liu, Nelson et al [4].  The phenomenon is not yet
well understood.

   

normal rolling anomalous rolling

Newtonian Viscoelastic

(a) (b)

Fig. 14. Anomalous rolling of spheres down an inclined
plane.

    Shear Thinning   
Since the most of the viscoelastic fluids also shear

thin, it could be contended that the peculiar effects we have
observed are somehow associated with shear thinning.  In fact,
the reversal of pressure mechanism which explains the
observed contrary behaviors of particles falling in viscoelastic
and Newtonian liquids does not involve shear thinning, and the
behaviors we have observed would not be seen in liquids which
shear thin but are not elastic.  However, there are viscoelastic
fluids for which shear thinning is important and both the
underlying mechanisms at play and the appropriate constitutive
models are an issue.

Van der Brule and Gheissary [14] saw a videotape
(shown at the International Congress of Rheology) of the
experiments of Joseph and Liu on sedimenting spheres, which
form long chains in all viscoelastic liquids at the slow fall
speeds in which long bodies rotate with their long side parallel
to the fall.  This stimulated them to undertake experiments of
their own on sedimenting spheres.  They attempted to isolate
the effects of shear-thinning and normal stresses by using test
fluids that have one and not the other of these properties.  They
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dropped spheres in aqueous polyacrylamide, an ordinary
viscoelastic fluid with large normal stresses and strong shear
thinning, and found results identical to ours.  Then they did
experiments in “shellflo,” an aqueous Xanthan solution that has
no measurable normal stresses in shear but is strongly shear-
thinning.  They found that the spheres chained in this fluid in
much the same way that they did in the aqueous
polyacrylamide.  This suggests that shear-thinning is the
important parameter.  They then did experiments in a Boger
fluid that they prepared with small amounts of polyacrylamide
(100 ppm) in glycerin and water.  This is a very viscous fluid
with large but saturated normal stresses, which leads to
constant values of the recoverable shear at high rates of shear.
They did not observe chaining in this Boger fluid, and thus
concluded that shear-thinning, not elasticity, is the mechanism
controlling the chaining of spheres.

Joseph and Liu [3] did experiments on sedimenting
cylinders in liquids like the ones used by Van der Brule and
Gheissary.  They found that in 0.3% aqueous Xanthan (Kelco)
and 0.4% Carbopol in 50/50 glycerin-water solutions which are
shear-thinning fluids without normal stresses, the cylinder puts
its long side parallel to gravity when falling at speeds less than
critical.  The critical speed in the Xanthan solution was the
shear wave speed measured on our meter, but the critical speed
for Carbopol was 1/10 the value measured on the meter, the
only exception so far.  In other respects the Carbopol solution,
we shall see, is nearer to Newtonian than to viscoelastic.
Spherical particles dropped in the 0.4% Carbopol did not
exhibit side-by-side attraction; they repelled each other when
they were initially together as in Newtonian fluids.  They were
repelled by a vertical wall and exhibited only the feeblest form
of anomalous rolling and apparently no chaining.

These results are surprising because they appear to
associate strange effects like tilting and chaining with shear-
thinning rather than with normal stresses.  In fact, theoretical
results for second order fluids, without shear-thinning, give rise
to all the observed effects, so we are confronted with a real
mystery.

In the case of fluids without normal stress, which do
not climb a rod, we may entertain the idea that second order
correlations to viscous behavior are negligible, so that we
might learn something important at the next non-trivial third
order.

Thinking more globally, Joseph and Liu [3]
introduced the idea that a combination of memory with shear-
thinning is required and may be enough to induce nose-down
turning and the related chaining of spheres.  They concluded
that shear-thinning alone affects the particle’s orientation much
less, because, like the Carbopol solution, although it shear-
thins, the thinning is not persistent and decays very rapidly.
The Xanthan solution remembers the place where the viscosity
was reduced, to that the back part of a nose-down cylinders, or
the spheres behind the leading sphere in a chain, experience a
smaller viscosity than the leading end of the cylinder or leading
sphere.  We might think that corridors of reduced viscosity are
marked on the fluid by shear thinning as a particle drops in the
fluid and persists for a time before they relax.

The existence of relaxing corridors of reduced
viscosity, marked on the fluid by the shear thinning induced by
a falling ball, is consistent with the observations of Cho and
Hartnett [15] and Cho et al. [16].  They studied falling ball
rheometry, measuring the drag on balls that were dropped in
the test liquid in specified and definite intervals of time.  They
found the same memory that we did, effects that were
particularly evident in a 104 ppm by wt. solution of aqueous

polyacrylamide (Separan, AP-273), a highly viscoelastic and
highly shear-thinning liquid.  The measured terminal velocity
depended strongly on the time interval between dropping of
successive balls in the cylinder.  Balls launched after only a
short wait period would fall up to nearly twice as fast as the
speed of the initial ball, and it took intervals of 30 min. or more
for the memory of the corridor of reduced viscosity to relax.

We can image the trailing spheres in a chain or the
trailing end of a long particle settling itself in a corridor of
reduced viscosity.  For this behavior to occur, shear thinning
and the memory of shear thinning are required.  We should
recall at this point that similar effects in weaker form occur in
our constant viscosity fluid (STP) and in stronger form in S1
where the degree of shear thinning is small.  Thus shear
thinning plus memory cannot explain everything.  The
experiments with semidilute Xanthan are interesting because
shear tinning and memory are present, but many other
mechanisms that could come into play are absent.

We have made some theories to explain the memory
of shear thinning, but they are not good.  We are now aware
that we need two times at a minimum, a short time of
relaxation and a much longer damage or healing time.  The
damage-healing mechanism should be as associated with some
structure parameter, independent of the ordinary changes of
molecular confirmation associated with coiled molecules.  The
search for such a model could be framed in terms of marriage
between viscoelasticity and thixotropy.  This is a very
challenging and very important problem.

CONCLUSIONS

• Fluidized suspensions have an anisotropic structure
which is determined by the microstructure.

• The microstructure depends on the dynamics of pair
particle interactions.

• Pair particle interactions are dominated by wakes and
turning couples on long and broad bodies.

• Pair particle interactions in Newtonian and
viscoelastic fluids are maximally different.

• The difference is due to the reversal of pressures
generated by normal stresses.

• Viscous effects and normal stress effects are
suppressed when the relative speed U between particle
and fluid is greater than the speed of propagation for
diffusion

U d

U d

>

= >

υ

υ

       

(Re )1

and for shear waves

U c

M U c

> =

= >

( )η λρ

( )           
  

1

• There are special fluids for which the memory of shear
thinning leading to corridors of reduced viscosity is
important.  Such fluids combine thixotropy and
viscoelasticity and they are a new challenge for
rheological modeling.
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