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Retardation and transitions of dilute and dense granular flows in a vertical
pipe induced by electric fields
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Granular flow of nickel particles down a vertical pipe from a hopper is shown to be retarded by a
horizontal ac electric field applied to a local region along the pipe. The particles are released from
the hopper by pulling out a stopper in the hopper. Two sequences of experiments with different
initial flow conditions are performed. In the first sequencdijlate flow in the pipe is created after

a fixed voltage/ (<4.8 kV) is applied across two short, vertical copper electrodes. The steady-state
flow rate Q remains practically constant fM<V,; (=2.6 kV). At V=V, Q drops abruptly; the

drop depends on the location of the electrodes.\FeiV,, the flow becomeslense Q decreases

with a power lawQ~V 1. In the second sequence of experimeXitss first set at 4.8 kV; the flow

is allowed to start, and soon becomedemseflow; then,V is reduced to the desired voltage. The
new, steady-stat® vsV curve coincides with the previowd(V) curve of the first sequence, except

for V,<V<V,, whereV,=1.0 kV. The voltageV, is a continuous transition point at whie
changes from a dense floW & V,) to a dilute flow (Y<V,). Our results show that a large enough

ac electric field can decrease the flow rate of a dilute or dense flow; the critical voltage that can
reduce a dense flow/,, is less than that for the dilute flow,;. © 2002 American Institute of
Physics. [DOI: 10.1063/1.1459767

Granular matter is a unique system that exhibits solidlikedense and dilute flows, respectively, in this work we prepare
and fluidlike propertied? Their peculiar properties can be the system in two particular sequences to separate the dilute
attributed to the strong contact interactions and inelastic coland dense flows for study. We find that the field effects are
lisions between particles. Introducing a long-range interacvery different indeed depending upon the initial flow condi-
tion to compete with this short-range contact force can protions. For dilute flow, the electric field has no effect to the
vide a new control parameter in elucidating the underlinedlow rate when the voltage applied to the electrodes is low.
mechanisni.Electric field is such a long-range force offering As the applied voltag¥ is higher than a critical voltagé, ,
an opportunity compared to mechanical techniques to exthe dilute flow transforms to dense flow and the flow is re-
plore granular dynamics. tarded. For dense flow, the field retards the flow rate mono-

Controlled by electric field, particle clustering and phasetonically when the voltage is higher than a different voltage
transition from a granular solid phase to a gas phase wer¥z, While V,<V;. The flow rate of a dense flow decreases
formed and studied by Aransbrand co-workers. Electric With a power lawQ~V~* and, hereg=1. These observed
field was also investigated and used for industrial procességlute and dense transitions at different voltages are similar
to control and regulate the bulk transportation of semiconio a first-order phase transition in equilibrium systems. The
ducting particles such as agricultural seé@ther applica- flow rate of the .dilute flow is higher than Fhat of Fhe dense
tions include being used in the spouted beslregulate the flow, and the existence of the critical density or critical volt-

solid recirculation rate, and in packed and fluidized Beds g€ that a transition between dense and dilute flow occurs
effectively alter the bed dynamics. shares similarities to the traffic flof.A two-dimensional

The granular flow down a vertical pipe in the presence off'0l€cular dynamic¢MD) simulation is performed and the
an electric field was studied in our previous work. Phenom-reSUItS agree qualitatively well with the experimental obser-

ena including arch formation and wavelength elongation of yations.

density wave under electric field were obserfidtwas also The experimental setup is similar to that described in our

. 9 . . _
found that the local electric field was able to retard the downP'€V'oUs paperS?In the experiment, nickel spheres of aver
. ._age diameted=0.25 mm are usedOther particles such as
ward movement of & dense column of particles, but was in lass beads and steel balls have also been used and give
effective in doing so when the column of the particles wag? a5 D - . L 9
dilute in density? qualitatively similar result$.The vertical pipe is of 10 cm in

In order to understand the electric-field effects on thelength’ with inner diameteD =3 mm. Two 1.5 cnx 1.2 cm

rectangular copper electrode plates, separated by 4.4 mm, are
attached to the pipe with their upper ends of a distdnod
@Electronic mail: cwei@aphy.iphy.ac.cn 6.5 cm from the bottom of the pipe.
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= the picture marks 1 mmAt V=2.6 kV, flow is retarded by
the electric field and becomes dense and slow so that each
200 | \ particle, as shown in Fig. (B), can be identified clearly
within the exposure time. AY goes highefFig. 3(c)], at
48Kk V=4.8KkV, an interface appears at the top of the electrode
160 . . . , region, above which a dense region exists, and below which
0 4 8 12 16 0 particle density becomes dilute. The intermittent arch in-
t(s duced by the electric field can be viewed clearly at this volt-
age.
FIG. 1. Mass recorded as a function of titnat each different voltag¥: (a) The effect of the dipole interaction induced by the elec-

prepared in sequenceihitially dilute); (b) in sequence Ilinitially dense. tric field acting on the particles can be explained as follows.
The insulated particles are polarized in the electric field. The
induced dipole can be written gs=4m7¢,R3E, whereR is

the radius of the particles. Considering dipole interaction, the
forcef acting on the polarized particle in an inhomogeneous
electric fieldE can be expressed as

the pipeM as a function of timgt) at eachV is shown in
Fig. 1(a). Below 2.6 kV, the flow is at one constant rate.
Above 2.6 kV, the flow deviates from the initial rate into a
slower constant rate.

The procedure of our second sequence experiments is f=—V(—p-E)=4me,R?VEZ. )
the same as the first sequence, except \thet first fixed at . o o
4.8 kV; the flow is initiated and reaches a steady state; then, When the interaction is comparable to the kinetic energy
V is decreased to the desired, fixed voltéigem 4.8 kv to 0 Of the falling particles, particles will be dragged by the gra-
V, at an interval of 0.2 kY. The M(t) curve at each is dient of the field and.converge tq the S|dewal!s near the t.op
recorded as shown in Fig(t). It is noticed in Fig. 1b) that qf the electrodes. Thls_ force against the Wa!l induces a fric-
the M(t) curves overlap in the range<OV<1.0 kV, a range tion petween the particle and the Wall,' Whlch.reduces the
different from the first sequence. velocity of particles along the wall. The interaction between

The flow rateQ(t) obtained from the steady-state SIOIOespolarized particles attracts partif:les moving close_r to each
of the M(t) curves is plotted against in Fig. 2. In the first other, and enlarges the local field between particles. En-
sequenceQ(V) is practically at a constant valu@, before
V reachesV; (=2.6 kV). At V,, Q drops abruptly by an
amountAQ); Q then decreases gradually dsncreases fur-
ther. TheQ(V) curve from the second sequence agrees well
with that of the first sequence, except for the regiorivVef
<V<V,, whereV,=1.0kV. The voltageV, is a continu-
ous transition point at whicl) changes from a dense flow
(V>V,) to a dilute flow V/<V,).

Video images of the flow at differen are shown in Fig. @ ® ©

3. The exposure time of each picture is 0.5 ms. \At
— ; ; ; IG. 3. Photographs of granular flow entering the electric field at different
0 kV, the blurred image of particles entering the electrod (A V=0V, (b) V=2.6 kV, and(c) V=4.8 kV. The electrodes are at the

region’ as seen in Fig.(@, shows that partides move about lower half of each picture. The lines on the right-hand side of each photo-

0.5 mm within the exposure timéEach line of the ruler in  graph are 1 mm apart.
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hancement of the local field between particles then furtheticle velocity v, increases with the bulk density of the par-
increases their mutual induction and causes particles to futicles unchanged. Therefore, as V decreases flow Cate
ther aggregate. This positive-feedback effect, we believe, i;creases monotonically with no sudden jump, as is also in-
the major contribution that causes the flow rate to dropdicated by Eq(2). There should be a cutoff voltage,, at
abruptly atV,. An estimated critical voltage gives a thresh- which Q (V,)=Qg. Qg is the maximum flow rate in the
old E,=7x10° V/m, which corresponds to a voltage pipe, which is determined by the inflow rate. SinQg is
~3.1kV. It is of the same order of magnitude but higherfixed, the cutoff voltage/, will be fixed, too. Below voltage
thanV; due to the simple dipole approximation. V, flow rate Q(V) shall always be&Q,.

A simplified model is used to elucidate why the flow A two-dimensional computer simulation based on the
rates keep constant for dilute flow before the critical voltageMD method, in which the interaction, collisions, and friction
In this model only the column of particles next to the wall between polarized particles and between the particle and the
are considered. For simplicity, we assume, before enterinwall, as well as the gravitational force were taken into ac-
the electric field, particles move with a constant velooity count. The simulation results on the distribution of particles
and the distance between adjacent particles t®;beThe in the pipe are comparable with the experimental observa-
initial flow rate can be written aQy~wv4/s;. After particles  tion. The simulated behavior @& vs V is consistent quali-
enter the field, the particle velocity is changedvto(<uv 4, tatively with the experimental measurements. The simulated
due to the retarding effect of the electric fiplfelocityv, is  results will be published later.

a function of the local electric fiel&, acting on each par- In conclusion, a local, horizontal ac electric field is
ticle, which is proportional tov, i.e., E V. We assume shown to be able to retard the granular flow of nickel par-
vo~v.E_ %, wherea is a positive number. The distance of ticles in a vertical pipe. Particles converge and aggregate
particles in the field is changed ®, with s,=(s1v5)/v. near the top of the electrodes. These aggregations, due to
Therefore,s,~s;V™“. electric-field-enhanced friction effect, slide down slowly

Sinces, cannot be smaller than the diameter of particlealong the inner sidewalls near the electrodes. Thes V
d by its definition,s, shall not decrease unlimitedly 4  curve shows two transitions exist, one from dilute to dense,
increases. We thus define the voltage, at wiighd, to be  which occurs at a voltag¥; . At this voltage, there exists a
the critical voltageV.. From the above equation andst  sudden drop 0. The transition from dense to dilute occurs
=d, V. can be obtainedV ~(s;/d)¥*. Note that Q at a voltageV,; V, is always smaller thal',, and no sud-
~v,/s, and from above equations, we then obt@ir-Q, den change i) was observed. The positive-feedback pro-
whenV<V,., and cess in the granular system induced by electric field is dis-

Quva @) cussed. A simplified_ model is ab_le to explain the important

' features observed in our experiments. The agreement be-
whenV>V,. WhenV<V,, the slowdown of the particles tween the computer simulation and the experiment also sug-
in the field is accompanied by an increase of the particleyests the validity of our model.

density, and makes the flow rate invariant with WhenV ) )
>V, (s,=d), the particle density reaches a maximum, and This research is supported by the State Key Program for
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