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Flow Regimes in Fine Cohesive Powders
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Granular materials exhibit several regimes of behavior: plastic, inertial, fluidized, and entrained flow,
but not all materials can pass through all of these states. Our concern is with the criteria that determine
the transition from one regime to another and with the boundaries to the various flow regimes that these
criteria define. Experimentally we have focused on fine, cohesive powders, where the interparticle
cohesive force dominates over gravitational force and where entrained air can cause moving powder to
become fluidized. [S0031-9007(98)08339-2]

PACS numbers: 45.70.Mg, 81.20.Ev, 83.70.Fn
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The past decade has witnessed a strong interest
granular materials by the physics community, but the
is an important class of granular materials that has be
largely ignored in spite of its commercial importance
these materials can be classified asfine cohesive powders.
In these powders, with particle diameters less than abo
30 3 1026 m, interparticle cohesive effects are dominan
and ambient gas plays an important role in the behavior
the powder. Granular materials display four different flow
regimes: plastic behavior, inertial flow, fluidized flow, an
entrained flow. Particle size, particle density, cohesivit
and gas flow determine which of these types of behavi
occur.

(i) The plastic regime is characterized by a small spacin
between neighboring particles. Velocities are small or ze
and the stresses are independent of velocity for simp
geometries. Plastic behavior determines the stability
heaps and slopes and there is an extensive literature on
subject because of its importance in civil engineering.

(ii) In the inertial regime the stresses are due to th
transport of momentum by interparticle collisions. Th
spacing between particles is much smaller than the parti
size but greater than in the plastic regime. In everyd
life granular materials such as sand, sugar, and grou
coffee exhibit the transition from plastic solid to inertia
flow when the limit of plastic stability is reached. We not
that the interstitial fluid plays no part in inertial flow.

(iii) Powders are capable of being fluidized by ga
flow provided their cohesivity is not too great. In this
regime the interparticle distance is of the same order
magnitude as the particle size. The interstitial fluid
the agent of transfer of momentum between particles, a
fluid velocity determines the stresses in the material. T
best known example of this situation is the fluidized be
in which gas is forced through a bed of particles and th
gas flow causes a pressure drop across the powder. W
the pressure drop is sufficient to support the weight of th
powder and to overcome the interparticle cohesive force
the bed expands and becomes fluidized. The powder th
takes on many of the properties of liquid, its upper surfa
remaining horizontal when the container is tilted.
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(iv) A fourth regime is that of entrainment, or suspe
sion of the particles by the gas. In this case the dista
between particles is much greater than the size of the p
ticles, the mean velocity of the material is close to t
fluid velocity, and the interaction between particles is ne
ligible. This is the case in a dust storm or a sand storm

For each regime of granular behavior there is a dom
nant mechanism that determines the order of magnit
of the stresses in the bulk, and the transitions between
various flow regimes can then be obtained by compar
the magnitude of these stresses. For the plastic regi
in the absence of external stresses, the dominant st
is rgh (r is the bulk density of the powder,g is
the acceleration due to gravity, andh is the vertical
length scale of the sample). In fine cohesive powd
the interparticle cohesion may be much greater than
particle weight, and it is cohesion that determines t
order of magnitude of stresses; that is why cohes
materials sometimes exhibit slopes steeper than 90±. Two
mechanical properties of cohesive powders that can
measured are (i) the shear stress that will cause
powder to fracture in the absence of compressive str
and (ii) the tensile strength, i.e., the normal stress t
will fracture the powder in the absence of shear. F
most fine powders both quantities are of the same or
of magnitude.

For low consolidation states [1,2], the tensile streng
st increases linearly with the consolidation stresssc, so
that st  asc 1 st0 and a decreases as the materia
hardness increases. For uncharged, dry, fine parti
the tensile strength at zero consolidationst0 scales as
st0  bdad22

p , whereda is the size of the asperities,dp

is the particle diameter, andb depends on the materia
properties and bed voidage [2–4]. This expression
consistent with the observation that the cohesion increa
as da increases anddp decreases. This in turn explain
the technique of reducing interparticle cohesivity by t
addition of flow control additives [5] such as Aeros
(Degussa, Germany) or Cab-o-Sil (Cabot Corp., Waltha
MA). The additives consist of submicron aggregat
of fumed silica nanoparticles, which are dispersed
© 1999 The American Physical Society
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the powder particle surfaces. The addition of thes
nanoparticles results in a reduction ina because the
additives are made of a hard material, and, therefore, th
increase the hardness of the contacts; they also reduce
size of the contacts, thus reducingst0.

A useful technique for estimating the cohesivity is t
fluidize the powder. In order to fluidize a cohesive powde
the gas flow has to overcome not only the weight o
the powder, but also its tensile strength. The pressu
drop across the powder at the point of fluidization i
then given byDP  rgh 1 st. This pressure drop is
also given by Carman’s equation [6]DPyh  EhUs1 2

ed2e23d22
p , where h is the gas viscosity,U is the gas

velocity, e is the void fraction of the bed, andE , 180.
Equating these relations we obtain the gas velocity need
for fluidization. For noncohesive powderssst . 0d the
minimum velocity for fluidization is proportional to the
square of the particle diameter. When particles are ve
fine the interparticle cohesive forces become domina
and the minimum velocity for fluidization becomes les
dependent on the particle diameter. Referring now
Fig. 1, lineA in the diagram represents the minimum
velocity for fluidization as a function of particle diamete
(obviously the exact location of this line depends on th
cohesivity of the particles). The horizontal continuatio
of A on the left side of the figure represents the case
very cohesive powders, and the location of this bounda
depends on the hardness of the particles and on the siz
the asperities. The void fractione changes with the ratio
of particle weight to interparticle cohesive force. Particle
above3 3 1025 m in diameter pack near the random clos
packing limit se . 0.45d and therefore the slope of lineA
does not depend on the diameter for these large partic
Below this valuee increases to a maximum of about 0.8
(near the random ballistic aggregation limit). This wil
change slightly the shape of lineA for very fine particles.

The upper limit to the fluidized zone, denoted by lineB,
is given by Stokes dragU  rpgd2

py18h, where rp

is the particle density (gas density has been neglecte
This value of gas velocity,U, is the minimum required
to levitate a particle, and except for very fine powde
sdp # 1026 md this velocity is greater than the minimum
velocity for fluidization. Thus lineB represents the mini-
mum velocity for particle entrainment or suspension. A
may be seen, there is a critical value of particle diamet
for which the suspension velocity equals minimum flu
idization velocity. Therefore, if the powder consists o
particles of diameter less than this critical size, fluidiza
tion by gas flow is impossible as the particles will becom
entrained by the flow, rather than fluidized.

Considering now the inertial regime, according t
Bagnold [7] the stresses in granular flow are proportion
to the square of the velocity gradient,t , rpd2

psUydd2,
where d is the extent of the shear layer andU is the
velocity decrement of the material across the shear lay
(we assume that in the inertial case the gas is swe
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FIG. 1. Phase diagram determining the transition b
tween flow regimes as a function of particle diamete
rp  1000 kg m23, h  2 3 1025 kg m21 s21, E  180,
g  10 m s22, d  8dp , P  1 Pa (we assume a free moving
slab, thickness,1 mm, of toner),h  10 mm, ande  0.5.
Values of a  0.26, b  0.1, and da  1 3 1027 m have
been taken from experimental measurements on a xerograp
toner [1].

along by the fast-moving particles so thatU represents
both gas and particle velocities). According to Sava
and Hutter [8] the transition between plastic and inerti
regimes is given byrpd2

pU2ysPd2d $ 0.1, where P is
the total normal stress; the shear layer thicknessd scales
with dp so this transition is represented by a horizont
line such asC in Fig. 1. We see from this part of
the flow regime diagram that for particles above1024 m
diameter, as flow velocity is increased, the transition fro
plastic to inertial behavior is followed at higher flows b
a transition to the fluidized regime. In contrast to thi
particles between1025 and1024 m do not exhibit inertial
behavior but undergo a direct transition to fluidization
Below 1025 m fluidization becomes increasingly sensitiv
to interparticle cohesion; it also becomes very sensitive
initialization conditions, i.e., to the uniformity and degre
of consolidation of the powder (see below). For the
reasons the flow regime diagram has to be understood
semiquantitative way, but the general trends of the lin
indicate the approximate relationships between partic
size and velocity for the various regimes and transitions

We have used the flow diagram to analyze two typ
of experiments: (i) the fracture and flow of powder i
a tilted bed and (ii) the flow of powder in a rotating
drum. In our tilted bed studies [9], we find that a typica
fine cohesive powder contains regions of widely differin
degrees of consolidation, and this implies that the yie
stress varies from point to point within the sample. I
however, the powder is fluidized, the dispersed mater
is quite uniform, and when the fluidized gas is turne
1157
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off, and as the bed collapses under its own weight,
condenses into a reproducibly consolidated state. W
find that this technique, represented by linea in Fig. 1
provides a reliable, convenient method of initializing
cohesive powders.

Having initialized the powder, we then slowly tilt the
bed and observe the sample surface while maintaini
the condition of zero gas flow. As the angle of til
increases, a shear stress is generated in the powder la
and there comes a point at which the sample fails
shear and a layer of powder slumps to one side
the bed. Experiments of this type have been carri
out using a commercially available xerographic tone
(Canon CLC 500 toner) and a series of Xerox tone
of differing cohesivity [9]. Analyzing the breaking and
sliding process by video camera and recorder indicat
that if the velocity of the layer exceeds a certain critica
value the moving powder becomes fluidized; this critica
velocity depends on the powder cohesivity and is of th
order 0.2–0.4 mys. When the fluidized powder comes to
rest it settles with its top surface horizontal, and then
the entrained air escapes the powder returns to the sta
plastic state. This progression from plastic to fluidize
state and back again is similar to the initialization proce
and is represented by linea in Fig. 1. This behavior
contrasts with that of a coarse granular material such
sand, which breaks in a succession of inertial, surfa
avalanches when tilted beyond its angle of repose. Th
progression from plastic to inertial state, and back aga
is represented by a line such as lineb in Fig. 1.

Our rotating drum experiments also illustrate the us
of the flow regime diagram and make clear the role o
particle-gas interaction in the behavior of fine powder
The equipment consists of a cylindrical Plexiglas drum
designed to rotate around its axis, which is horizonta
The dimensions are 21 mm internal radius and 49 m
length. One of the ends of the cylinder has a poro
filter and a connection that allows the extraction o

FIG. 2. (a) Profile of sand in a rotating drum. (b) Profile
of toner RT (0.4% Aerosil) in the rotating drum at the
same rotation velocity. Double headed arrow indicates sm
oscillations of the toner horizontal surface.
1158
it
e

ng
t
yer,
in
of
ed
r

rs

es
l
l
e

as
tic,
d
ss

as
ce
is

in,

e
f

s.
,
l.
m
us
f

all

air from the drum yet retains the particles. The drum
is driven by a motor that allows a maximum angula
velocity of 225 rpm. A video camera is used to record
the motion, and the camera is connected to a compu
for image processing. Three types of granular materia
have been tested in the rotating drum: dry sand, 1
to 3.5 3 1024 m diameter; xerographic toner, particle
diameter around1 3 1025 m; and polymer beads, 3 to
5 3 1024 m diameter, of the same resin as the tone
When the drum is partly filled with dry sand and is rotate
at low velocitiess,4 rpmd the sand surface is planar and
makes a constant angle with the horizontal. A thin laye
of material, a few grains in thickness, cascades over t
surface continuously following a phase trajectory such a
line b in Fig. 1. The slope of the surface increases wit
the angular velocity and at 20 rpm, the surface takes t
form of tilted “S.” The slope is minimum at the lower part
(25±) and maximum at the upper part (64±) of the profile
[see Fig. 2(a)]. This type of behavior is widely reported
[10–13] for coarse, granular materialssdp . 1024 md.
What we observe is that the maximum angle of the slop
is a continuously increasing function of the velocity, a
shown in Fig. 3. The same measurements have be
repeated with the chamber evacuated to1024 atm, and the
results are the same as at atmospheric pressure. The s
type of inertial behavior is also found when the styren
butadiene beads are tested in the rotating drum.

We have carried out the same type of experiment o
fine, cohesive powders, and as one would predict from o
discussion of Fig. 1, their behavior is quite different from
that of sand. The powders we have studied are xerograp
toners: Canon CLC 500 toner, particle diameter8.5 3

1026 m, and two model materials consisting of pigmente
polystyrene butadiene, particle diameter12.7 3 1026 m,
whose cohesivity has been reduced by adding 0.2% a
0.4%, respectively, by weight of the flow control additive
Aerosil. Both of these toners fluidize at a superficial ga
velocity of a few mm per sec.

FIG. 3. Maximum angle of the slope of sand and beads (sam
resin as Xerox toners) and average angle of Canon CLC 5
and model Xerox toners (with 0.4% silica and 0.2% silica) a
fracture as a function of rotation rate in a rotating drum a
atmospheric pressure.
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FIG. 4. Maximum angle of the slope for model Xerox toner
(with 0.4% and 0.2% silica) and for Canon CLC 500 as
function of rotation rate in the rotating drum at air pressu
1024 atm.

A striking feature of the toner behavior in the rotatin
drum is that the mean angle of the slope at fracture is
decreasing function of the angular velocity (see Fig. 3
The profiles at low speed are similar to those of sand, b
as speed increases a region appears that is horizonta
the lower part of the profile [see Fig. 2(b)]. The exten
of this horizontal region increases with velocity and,
the same time, the powder expands, increasing its volu
considerably for velocities above 50 rpm. The reas
for this behavior is that the air becomes entrained
the powder with each revolution and partially fluidize
the powder; the amount of entrained air increases w
rotational velocity, and so the fluidized region increas
with velocity. As we would anticipate from Fig. 1,
the toner does not pass through the inertial regime b
passes directly from the plastic to the fluidized conditio
following line a in Fig. 1. This fluidized region behaves
like a liquid and presents a negligible friction to the wal
therefore, the average angle of the slope decreases as
fluidized region increases with the speed of rotation.

To make clear the role of the air-particle forces i
the toner flow process we have run the rotating dru
while evacuating the chamber with a vacuum pump. T
experiment was conducted at1024 atm. Under these
conditions the toner cannot be fluidized by the residual a
and as a consequence there is a transition from the pla
regime to a system of avalanches, in a similar way to th
of sand. Moreover, as shown in Fig. 4, the maximu
angle of the slope is similar to that of sand. Clearl
fluidized flow requires an ambient gas, and at low g
pressure the fluidization process is suppressed. Riete
[3,14] also performed granular flow experiments in
rotating drum while varying gas pressure and observ
that the angle of the slope decreases as the press
increased. This is a clear indication that there is
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progressive fluidization of the powder as the pressu
increases due to the increase of the gas effective viscos
He ascribed the decrease in slope to the entrapped ga
the powder.

In conclusion, we note that the flow regime diagra
we have presented provides a useful way of interpret
the flow properties of both fine, cohesive powders a
coarse granular materials. In general the motion
coarse granular material is characterized by transit
from plastic to inertial flow, whereas fine particle motio
at atmospheric pressure is characterized by the transi
from plastic to fluidized flow. Fluidized flow, however
requires an ambient gas and at low gas pressure
fluidization process is suppressed.
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