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Suspensions:
A rheologist’s view versus ?

typical rheological experiment: 
well defined geometry, with
optimally controlled γ, σt, σn

What if we took the 
same materials for a 
completely different 

experiment?



Cornstarch 

62.5 µm

diameter: 5-20 µm,
flat distribution of sizes (numbers)
Irregular shapes
ρ = 1.5 g/cm3

“shear thickening suspension”
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FIG. 1: A schematic view of the used setup. At the lower end
we have the shaker, on top of which with the container with
the suspension is mounted, which is subsequently vibrated
vertically. Above that is the high speed camera, recording
the suspension from above.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The
core consists of a cylindrical container with a diameter
D = 11.0 cm and a height H of 8.0 cm. This container is
vertically vibrated by a shaker (TiraVib 50301) with fre-
quencies f between 20 and 200 Hz and a dimensionless ac-
celeration Γ from 0 up to 60. Here, Γ = a(2πf)2/g, where
a is the shaking amplitude and g the gravitational accel-
eration. The container is filled up to a height h = 6 ± 1
mm with a viscous liquid or a suspension of varying com-
position. The dynamics of the fluid layer in the container
is recorded with a high speed camera at various frame
rates, given in frames per second (fps), and is imaged
from the top. The bottom of the container was covered
with tape for improved contrast between liquid and con-
tainer bottom. When using transparent liquids, a small
amount of powdered milk was added to whiten the liq-
uid. Of course it was checked that adding tape or milk
powder did not influence the dynamics of the system.

III. VISCOUS NEWTONIAN LIQUIDS

Before turning to the –anomalous– opening holes in
dense suspensions consisting of monodisperse particles
in a mixture of glycerine and water, we will first study
the regular case of holes closing in a viscous Newtonian
liquid. We will both discuss the case where the holes close
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FIG. 2: The diameter of a closing hole in a layer of honey
(µ = 6.4 Pa·s) with a thickness of h = 6±1 mm as a function
of time, while the layer is vertically vibrated at f = 50 Hz,
Γ = 30 and recorded at a framerate of 250 fps (blue line).
The black line is the result of a calculation using the lubrica-
tion model. The inset is from an experiment using the same
shaking parameters, but twice the recording speed (500 fps).

purely due to the hydrostatic pressure in the liquid and
the case in which a periodic forcing is added by vibrating
the system vertically. In the second subsection we will
subsequently present a model to describe both cases.

A. Experiment

We prepare a layer with a thickness of h = 6 ± 1 of a
viscous liquid in the container as described in the previ-
ous Section. Subsequently, a disturbance is created into
the layer by blowing air from the top until a more or
less circular hole with a diameter of a few centimeters
is formed. To vary the viscosity of the liquid we choose
honey, with a dynamic viscosity of µ = 6.4 Pa·s, and sev-
eral glycerine-water mixtures with viscosities of µ = 1.,
1.10, 0.45, and 0.15 Pa·s. Viscosities below the last value
lead to holes that close extremely fast; in particular they
were found to close within a single cycle of the lowest
driving frequency we have used in our study (f = 20
Hz). Moreover, for these low viscosities inertial effects
will start to become important and therefore such fluids
were not considered here.
Fig. 2 provides a typical experimental result for a h = 6

mm thick layer of honey, vibrated at f = 50 Hz, Γ = 30.
After creating a circular hole in the layer, we follow the
dynamics of its closing and plot the hole diameter as
a function of time. Over the course of several seconds
the hole closes almost linearly. At the same time the
hole oscillatesat the same frequency as the driving, which
is shown in the inset where part of the signal has been
magnified in time.
When changing the shaking parameters f and Γ, it be-

comes clear that the closing time is to a large extentin-
dependent on f and Γ, as is shown in Fig. 3 where we
show results obtained in glycerine. In particular, when
we do not shake at all and just create a hole in the con-
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Shaken suspensions4

(a) (b) (c) (d)

FIG. 3: Snapshots of the four different phenomena that can be observed in a vertically vibrated layer of cornstarch suspension.
From left to right: (a) Holes in a suspension layer of thickness h = 6 mm and with a concentration φ = 0.4, shaken at f = 80
Hz and Γ=20. (b) River in a φ = 0.38 suspension with h = 6 mm, shaken at f = 140 Hz, Γ = 40. (c) Fingers in a φ = 0.4
suspension with h = 6 mm, shaken at f = 80 Hz with Γ = 30. (d) Jumping liquid, just after its release from the vibrated layer,
in a φ = 0.4 suspension with h = 6 mm, shaken at f = 40 Hz, Γ = 40.

3. Fingers

Fingers [see Fig. 3(c)] are formed at higher shaking
strengths. In this regime, the small rim on the edge of
the hole increases in size and “lifts off” from the surface.
Eventually, the fingers fall down and form new holes,
which again grow new fingers. These fingerlike protru-
sions were also reported by Merkt et al. [14].

4. Jumping liquid

The fingers described in the previous paragraph be-
come larger when, at constant Γ, the amplitude is in-
creased. For sufficiently large amplitude, the connection
to the surface may break while the finger is growing, and
a “blob” of suspension will start jumping around in the
container [see Fig. 3(d)]. Eventually it will form into a
spherical shape, and with every bounce on the suspension
surface, it slowly shrinks in size over a timespan of min-
utes. Below a certain size this sphere will coalesce with
the surface, a process which either causes a new hole-
shaped disturbance to form –eventually leading to the
growth of a new amount of jumping liquid– or the sphere
is simply absorbed after which the process stops. In or-
der to investigate the packing fraction of the detached
balls, we have caught several of these blobs of suspension
in flight. It was found that the concentration varied by
a few percent, but with an average that was equal to the
bulk packing fraction.

C. Other suspensions

Starting from the hypothesis that it is the geometrical
shape of the cornstarch particles in the suspension that
is responsible for the large variety of phenomena that
can be observed in vertically vibrated cornstarch suspen-

sions, we examined a variety of other dense particulate
suspensions, with varying geometrical parameters. We
did not however, succeed in creating a suspension that
presented similar phenomena as cornstarch. The other
suspensions we studied have an interesting phenomenol-
ogy as well, but it is markedly different from that of corn-
starch: Steady states like the stable holes and rivers are
absent; instead we find much more dynamic phenomena
like the growing and splitting holes we will describe be-
low.

1. Splitting holes

After creating an initial disturbance in a suspensions
containing polydisperse particles, we observe a hole that
immediately starts to grow and quickly departs from the
circular shape: The hole tends to stretch out and eventu-
ally splits up into two circular holes. These in turn again
grow and become non-circular, leading to another split-
ting up. This way new holes are formed very rapidly, and
as soon as the system is full of holes they are also observed
to collide and merge or to fully close. The timescale of
the dynamics of splitting and colliding depends strongly
on particle type and shaking parameters, and can range
from a few seconds up to several minutes. This even-
tually leads to a very chaotic dynamics. A snapshot of
a container with several of these holes can be found in
Fig. 4.

2. Growing holes and kinks

In monodisperse particle suspensions the phenomenol-
ogy turned out to be very different again. After creating
the initial disturbance, a circular hole is formed. De-
pending on the shaking strength and amplitude we find
two phenomena. At the lower end we observe a hole
that grows until a maximum size is reached. After this it
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FIG. 4: Splitting holes in a vibrated polydisperse glass bead
suspension with an average diameter of 10 µm (f = 100 Hz,
Γ = 25, and h = 7 mm.)

rapidly collapses to a very small size and a growth phase
sets in again. When shaking harder, the hole will grow
until it hits the container wall. In this case the hole will
open up and form a large dry area at the container bot-
tom, thus creating a system that is partly covered with a
thick layer of suspension, partly dry and an abrupt transi-
tion between them which is called a kink [18]. Snapshots
of such a series of events can be found in Fig. 5. The dis-
tinction between the two states is not always very clear,
since in some cases the hole size will saturate, the entire
hole will keep on moving slowly inside the container, and
eventually come in contact with an edge, which then leads
to the formation of a kink. The time span for this to hap-
pen however, can be minutes whereas the kink formation
described above typically happens within seconds.

IV. QUANTITATIVE RESULTS

Which of the above mentioned phenomena we observe
depends on the composition of the suspension, its packing
fraction φ, the depth of the layer h, as well as the shaking
parameters frequency f and shaking strength Γ. In this
Section, we present the results of the experiments done
with the various suspensions, and discuss them for each
suspension by means of phase diagrams of the shaking
parameters Γ and f .

FIG. 5: Four snapshots of the development of a hole towards
a kink in a suspension of glitter particles. The frames go
from top left to bottom right and are at t = 1, 60, 73 and
92 seconds after the creation of the initial hole (f = 80 Hz,
Γ = 30, and h = 7 mm.)

A. Cornstarch

As cornstarch has proven to have the richest phe-
nomenology, we will start with the discussion of our ex-
periments in cornstarch suspensions. Previously, these
type of shaken suspensions have been considered by
Merkt et al. [14]. Their report, however, was limited to
a single set of experiments with a fixed depth and pack-
ing fraction, in which only the shaking parameters were
varied. Our objective here is to map out a larger part
of the parameter space by in addition varying the layer
depth and concentration. More specifically, we want to
determine how the phenomena described in [14] (holes
and fingers) are influenced by these other parameters,
and how the newly described rivers and jumping liquid
fit into the phase diagrams.

We use either demineralized water or an aqueous so-
lution of Cesium Chloride (CsCl) with a density of ≈
1.7 · 103 kg/m3, matching the cornstarch particle density
(based on sedimentation experiments: At ρ = 1.7 · 103

kg/m3 cornstarch particles do not settle to the bottom
for several days). Experiments actually showed negli-
gible differences between results in the density-matched
and the unmatched liquid, presumably due to the relative
violent shaking. In the unmatched suspension only some
stirring is required just before the start of a new exper-
iment, to counteract sedimentation. Viewing the corn-
starch particles under a microscope, see Fig. 6, reveals
that they are irregularly shaped and have an approxi-

holes rivers fingers jumping

splitting holes
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Second experiment 

cornstarch

marker

Control parameters:
‣ packing fraction φ
‣ object mass

high-speed
camera

x(t) (depth sphere 
inside suspension)



Increasing packing fraction φ 

free 
fall

impact

oscillations 
in bulk stop-go cycles 

near bottom



Increasing sphere mass µ 
φ = 0.44



Equation of motion 

mẍ = µg +D

m = msphere +madded = msphere +
1
12πd

3ρsusp

Added mass corrected mass:

µ = msphere −mbuoy = msphere − 1
6πd

3ρsusp

Buoyancy corrected mass:

use this equation to calculate drag D vs velocity x



Drag D vs velocity x 



Bulk oscillations 
What type of model could describe 

the bulk oscillations?

Shear thickening or other stress-strain rheology?

Visco-elastic liquid models?

No. Leads to damped oscillations  

No. Leads to monotonic D vs x-curve  

Hysteretic drag model? [R.D. Deegan, Phys. Rev. E 81, 036319 (2010).] 

Works reasonably well 



Modeling bulk oscillations 
Hysteretic drag model

Inspired by: 
R.D. Deegan, 
Phys. Rev. E 81, 036319 (2010). 

t

u1

u2

ẋ ẋ1 =
µg

B1

ẋ2 =
µg

B2

u1 u2

|D| B2ẋ

ẋ

B1ẋ

D =






−B1ẋ
when ẋ falls below u1

−B2ẋ
when ẋ rises above u2

mẍ = µg +D
with:



Results for fixed B1, B2 

Drawback: u1, u2 need to be redefined for each µ

µ = 134 g

µ = 104 g

µ = 84 g

µ = 64 g



Velocities u1, u2 vs mass µ



Stop-go cycles at the bottom 
Fast deceleration points to jamming:

  φ ≈ φeq      φ = φcr     φ < φcr

φeqφeq φeq

Jammed Unjammed

‣ x > 0, liquid squeezed out
‣ φ increases 
‣ jamming by compaction, φ = φcr, x = 0 
‣ particles rearrange on fluid time scale 
‣ φ decreases, relaxation, x > 0 



A minimal model 

�
mẍ = µg +D when φ < φcr

ẋ = 0 when φ ≥ φcr

φ̇ = −c
ẋ

x
− κ(φ− φeq)

decreases ϕ       
due to relaxation

increases ϕ         
due to compression 

(−x/x = compression rate)



Comparing to experiment 



Comparing to experiment 



Floating particles 
on Faraday waves 



    

Control Parameters:

• D = floater size

• θ = wetting angle

•  a = amplitude
•  f = frequency

• ϕ = concentration

ϕ  =  Area            / Areafloater total

Floating particles on Faraday waves 

a, f

25

floaters



f = 19 Hz
a = 2 mm

antinode 
clusters 

node 
clusters

5 
m

m

adding	  more	  
floaters

f = 20 Hz
a = 2.2 mm

low ϕ

high ϕ



low ϕ: antinode clusters high ϕ: node clusters

10
 m

m

• What is the physical origin of the clustering?
• What happens at intermediate ϕ?



Structures at intermediate ϕ



capillarity

F ~ 1.2 nN at L~D

(weak)

Competition between forces

(experiment)

air
water

drift force

F ~ 2000 nN

+

(strong)

*	  G.	  Falkovich	  et	  al.	  Nature	  435,	  1045	  (2005).	  

(theory*
-‐	  one	  par;cle	  model)

air
water



Experimental analysis:  
Characterizing the antinode – 
node cluster transition 



anti-
nodes

nodes

Global characterization: 
Correlation number c

I

III

II



Local characterization: 
Pair correlation function g(r)

I

I

(D = floater diameter)
II

II

III

III



Global vs local characterization

correlation num
ber (c)



What is the origin of the antinode-
node cluster transition?



an;-‐
node

nodal	  lines

wave	  pa>ern



wave	  pa>ern

add	  par;cles:
‣at	  an;node
‣at	  node

Ucap,an;	  =	  Ucap,node

UdriB,an;	  <	  UdriB,node

energy:
(capillary	  &	  driB)



wave	  pa>ern

add	  par;cles:
‣at	  an;node
‣at	  node

Ucap,an;	  =	  Ucap,node

UdriB,an;	  <	  UdriB,node

energy:
(capillary	  &	  driB)

add	  breathing:



wave	  pa>ern

add	  par;cles:
‣at	  an;node
‣at	  node

energy:

Ucap,an;	  =	  Ucap,node

UdriB,an;	  <	  UdriB,node

(capillary	  &	  driB)

add	  breathing:
Ucap,an;	  >	  Ucap,node

UdriB,an;	  <	  UdriB,node



Competition between capillary and drift energy

	  UdriB	  favorable,	  Ucap	  unfavorable	  ‣	  an;node:	  
‣	  node: 	  UdriB	  unfavorable,	  Ucap	  favorable	  

3.3. Analytical model Chapter 3. From antinode clusters to node clusters

urated antinode clusters are seen to be energetically favorable, from the high φ case
where the configurated node clusters have the lowest potential energy. In addition,
this crossover value is very close to the values lying in the experimental transitional
region of Fig. 3.4, i.e., φ E

t ≈ 0.37 and φ E
t ≈ 0.48, and is therefore in good agreement

with our experimental observations. (The superscript in ET
c (φ) is dropped for nota-

tional convenience.)
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Figure 3.8: Calculated transition from the configurated antinode clusters to the configurated node
clusters by the energy calculation. (a) The total potential energy of the floaters E(φ), non-dimensionalized
by σLc and further normalized by the number of floaters N, is shown both for the configurated antinode
clusters (circles with a solid line) and that for the configurated node clusters (squares with a dashed line).
∆E(φ) (red stars) represents the energy difference between the configurated antinode and node clusters.
(b) The capillary energies Ec(φ) for the configurated antinode (orange circles) and node (orange squares)
clusters together with the drift energies Ed(φ) for the configurated antinode (purple circles) and node
(purple squares) clusters. The purple dashed lines represent the corresponding drift energies without
taking the breathing effect into account. In both plots, the shaded areas indicate the transition region
suggested by the experiment [Fig. 3.4].

52

3.3. Analytical model Chapter 3. From antinode clusters to node clusters

urated antinode clusters are seen to be energetically favorable, from the high φ case
where the configurated node clusters have the lowest potential energy. In addition,
this crossover value is very close to the values lying in the experimental transitional
region of Fig. 3.4, i.e., φ E

t ≈ 0.37 and φ E
t ≈ 0.48, and is therefore in good agreement

with our experimental observations. (The superscript in ET
c (φ) is dropped for nota-

tional convenience.)

−5

−4

−3

−2

−1

0
x 10

−5

( 
E

 /σ
L

  )
/ N

E, antinode
(a)

φ  t ~~ 0.36

c

*

*

*

*

*

*

*
*

2

1

0

−1

−2

−3

−4

(
   E

 /σ
L

  )/
  N

c
∆

E, node

E* ∆             

(b)

*

0 0.1 0.2 0.3 0.4 0.5 0.6

−5

−4

−3

−2

−1

0
x 10

−5

φ
0.7

dnn rnn= = 2R
without breathing:

E  c

E  d

E  c

E  d

config. of 
the node 
clusters

, config. of 
the clusters 
w/o breathing

E  d

config. of 
the antinode 
clusters

C

( 
E

 /σ
L

  )
/ N

c

Figure 3.8: Calculated transition from the configurated antinode clusters to the configurated node
clusters by the energy calculation. (a) The total potential energy of the floaters E(φ), non-dimensionalized
by σLc and further normalized by the number of floaters N, is shown both for the configurated antinode
clusters (circles with a solid line) and that for the configurated node clusters (squares with a dashed line).
∆E(φ) (red stars) represents the energy difference between the configurated antinode and node clusters.
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