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Support for Faraday’s View of Circulation in a Fine-Powder Chladni Heap
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(Received 8 September 1997)

Faraday, like Chladni, saw fine powder collect in a circular heap at an antinode of a vibrating plate.
In each vibration cycle, the heap experiences a free-flight interval during which pressure gradients in the
heap’s interior drive powder centerward, as Faraday proposed. When heap-floor collision terminates
flight, pressure gradients reverse direction; but passage of a compaction front has locked particles against
further movement. Before a next flight interval, an increase in porosity will reverse the compaction that
accompanied heap-floor collision. [S0031-9007(98)06672-1]

PACS numbers: 46.10.+z, 83.70.Fn
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Following Chladni’s lead, Faraday [1] placed coars
or powdery matter upon a horizontal vibrating plate. H
saw the matter migrate to form isolated “Chladni heaps
coarse matter accumulating at nodes, and fine ma
at antinodes. Faraday attributed the difference in the
behaviors to the absence or presence, respectively, of
influence of air currents created by development of
partial vacuum between plate and heap. In a fine-powd
heap, seeing powder move down its conical surface a
disappearing inward at its edge, he reasoned that
currents pull particles toward the heap’s center and for
them upward thereat. Using small bits of paper to defle
air flows, Faraday altered locations of his fine-powd
heaps, in support of his argument. Observing the plate
a partially evacuated chamber, he saw them at their us
positions at 13 kPa; at one-half this pressure, powd
migrated to nodes, like coarse matter.

Renewing their interest in vibration of granular ma
ter, physicists have discovered nonlinear dynamical ph
nomena possibly relevant to areas of physics as remote
semiconductors, earthquakes, and clustering of galax
[2–5]. As recent reviews [2,3] comment, however, th
activity has cast doubt upon Faraday’s view of the role
air currents in driving fine-powder Chladni heap circula
tion, several research groups [6–12] offering alternativ
thereto.

When these came to our attention, we reviewed t
large engineering literature on vibrated granular be
[13] expecting to identify evidence confirming Faraday
thought, but no one seems to have set out to prove Fara
right. From review of our own data [14–18] and their re
visualization [19], we can now offer “proofs,” by-products
of effort directed toward understanding vibrated-bed he
transfer [20] and fashioning a microreactor disclosing th
effect of axial gas dispersion upon heterogeneous react
outcomes [21].

In a glass-walled vessel (25.4 mm 3 162 mm in
plan, 60 mm in height), we subjected “two-dimensiona
granular beds to vertical sinusoidal vibration at 25 H
[14]: z ­ a0 sinvt, where z ­ displacement, a0 ­
maximum amplitude, v ­ 2pf, t ­ time, and f ­
frequency. Unless specified otherwise, all data here
0031-9007y98y81(3)y574(4)$15.00
e
e
,”

tter
se
the
a
er
nd
air
ce
ct

er
in

ual
er

t-
e-
as

ies
e
of
-
es

he
ds
’s
day
-

at
e
ion

l”
z

in

are for alumina beads at 30-mm average bed dep
a0 ­ 1.59 mm, f ­ 25 Hz, and G ­ 4 (G ­ a0v2yg,
maximum acceleration over gravity) [22]. We can repor
phase angles to61± [14]. Under strobe lighting, our
setup permits ready viewing of heap-floor separation (lif
off) and what we call “Faraday circulation”: slow powder
movement centerward in the bed’s interior, accompanie
by rapid return flow from peak to sidewall, occurring in a
relatively shallow, rarefied surface zone [14,23].

Although others [6,24–27] appreciated the importanc
of gas floor-pressure data for understanding vibrated-b
dynamics, we are the first, to our knowledge, to measu
floor pressures at multiple locations for many types an
sizes of particles [17,18]; we record data at 1± phase-
angle increments. Qualitative capacitance data [26,2
suggested that beds expand at lift-off. Our pressure da
permit us to confirm and quantify the effect. We have
discovered that a bed does not lift when a net upwa
force first acts upon it: e.g., a bed of177-mm alumina
beads lifts at,93±, while the first action of the net upward
force upon the bed occurred,78± earlier. During this lag,
it imbibes a quantity of air that we can estimate from ou
pressure data, causing it to undergo an absolute poros
increase of,0.8%.

This increase seems to be required to release partic
from a compacted condition in which forces acting upo
the particles are insufficient to initiate particle motion in
shear: We report sighting a compaction front (incline
at ,28± to horizontal) traveling across the bed from
the sidewall centerward during bed-floor collision. In
cinematographs taken at 2500 frames per second (fps) a
viewed at 25 fps, we can see the front in particles177 mm
and larger [29]. Cinematographs at 1250 fps reveal th
powder circulates in start-stop fashion: Except in th
surface layer, a particle moves only during bed flight.

Figure 1 gives the status of a center-high177-mm
alumina bed (a Chladni heap truncated by side wall
at two phase angles during flight. Shortly after lift-off,
at 105±, downward drag per unit bed weight is greate
near the wall than at the center. The discrepancy h
two effects, each contributing to maintenance of the hea
First, downward drag works against the “throw” the be
© 1998 The American Physical Society
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FIG. 1. Status of “two-dimensional” center-high vibrated bed (a slice of a truncated Chladni heap) at selected sinusoida
angles during free flight. Bed­ 177-mm “Master Beads” (crude alumina, nearly spherical),25.4 mm 3 162 mm in plan, 30 mm
in average depth; vibration at 25 Hz; vibrational intensityG ­ 4 (maximum acceleration divided by gravity). Diagrams represe
left one-half of the bed. Curves of gas pressure (departure from atmospheric in kilopascals) are drawn to pass throug
measured values (at wall, center, and halfway in between) and to display horizontal tangents at wall and center (no gas c
across these boundaries). For reference in (c), dashed horizontal lines in (a) are drawn at1

4 , 1
2 , and 3

4 distance from peak to bottom
of bed at its center. (a) and (b) give bed profiles at designated phase angles: (a) early in gap formation; (b) bed-floor collis
commencing (gap just closed at side wall). In (c) and (d), solid curves: floor pressure; in (c), broken curves: pressure profile
dashed horizontal lines in (a). (e) plots a dimensionless ratio, vertical drag divided by bed weight (drag is downward if nega
xi-
he
n-
nts
s
fter
ag
es
receives from the floor; eventual gap height is less at wa
than at center. Second, some gas entering the devel
ing gap near the wall must flow horizontally centerward
within the gap. A horizontal pressure gradient at the floo
drives this flow, as Faraday hypothesized. For the bed
Fig. 1, when floor pressures are negative, gas compre
ibility effects upon a vertical pressure profile are negli
gibly small [24]. To obtain a pressure within the bed
along such a profile, linear interpolation between pres
.
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FIG. 2. Status of center-high vibrated
bed at phase angles during gap closure
(See Fig. 1 caption for bed description
and vibration parameters.) (a) and (b)
Show bed profiles at two phase angles
gap closed halfway to center and gap jus
closed at center, respectively. Dashe
lines indicate positions of compaction
front. (c) Gives approximate floor
pressure profiles at designated phas
angles.
ll
op-

r
of
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sures at floor and bed surface provides a good appro
mation. Using such interpolation, we have derived t
broken curves in Fig. 1(c), which correspond to horizo
tal dashed lines in Fig. 1(a). Horizontal pressure gradie
within the bed easily move the “flying” alumina bead
centerward. Floor pressures become positive shortly a
214±. Thereupon, as Fig. 1(e) illustrates, an upward dr
cushions the bed-floor collision, which just commenc
at ,227±.
575
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Figure 2 illustrates the bed status during bed-floo
collision. At a given point along the floor, the compactio
front’s arrival is simultaneous with gap closure. Ahea
of the front, gradient in floor pressure is centerward
Behind, the gradient reverses direction, but a concomita
gas flow cannot cause the compacted particles to mo
At a given point, floor pressure peaks later than ga
closure: The lag is 13± at the wall, 29± midway between
wall and center, and 27± at center. These delays can b
understood: Because the compaction front is incline
toward the sidewall, the front arrives earlier at a give
point along the floor than at an elevation within the be
above the given floor point. Compaction of particle
at the higher elevation drives gas downward as well
toward bed surface; eventually, gas driven downwa
reaches the surface, horizontal pressure gradients beh
the compaction front having first driven this gas laterally
toward the wall.

While adding particulars, Figs. 1 and 2 confirm
Faraday’s basic ideas: that circulation in a fine-powd
Chladni heap is aerodynamically driven, primarily while
floor pressures are negative (between 93± and ,214± in
our example).

Hypothesizing an inclined “condensation front” analo
gous to our compaction front, Larocheet al. [6] suggested
particles move centerward by an “internal avalanche flow
[7] sliding downward along the hypothesized front. W
see no such avalanche in high-speed cinematograp
From the onset of free flight,long before a compaction
front appears, we see particles moving with largely hor
zontal components of velocity centerward. Afterward, be
hind the front, particles are stationary. Cinematograph
evidence also rules out the suggestion [12] that heapi
arises from positive pressure effects accompanying g
closure.

The discussion so far has focused upon 177-mm alu-
mina beads. We deal briefly with beads of smaller an
larger size.

At 30-mm average depth, although no gap form
beneath 88-mm beads, they form a heap displaying
Faraday circulation during a “weightless” interval. Floo
pressure data [30] confirm the presence of the drivin
gradients and reveal cyclic variation in porosity (a
absolute,2% rise and fall). Pressure data even disclos
passage of the “compaction front” that we do not see in
cinematograph.

Before lift-off, 707-mm beads undergo an absolute
porosity increase of,0.13%; they exhibit a horizontal
compaction front originating at floor and traveling up
ward. In 272-mm beads, the front is inclined at,14±

to horizontal. Fronts seen cinematographically may b
traveling passive failure planes: BetweenG ­ 3 and 5,
their angles are constant, each a fundamental property,
parently, of particle and orientation of principal stresse
Although Faraday circulation is not evident in coars
matter, nevertheless, it will form a heap slowly: 505-mm
alumina beads require 3 min atG ­ 2. In all granular
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solids, heap slopes approach a dynamic angle of repose
G approaches one from above [6,12,17].

Withdrawing gas (air, helium, or propane) from closed
chambers housing vibrated beds, Paket al. [12] saw sharp
declines in heap slope. Calling attention to the non
linear partial differential equation for pressure in one
dimensional vibrated-bed theory, they suggested that th
declines occur when a term (with pressure in the denom
nator) can no longer be safely ignored when the equatio
is linearized [26,31]. Mean-free-path calculations disclos
another possibility. In each experiment, upon progressiv
reduction in pressure, a decline in slope coincides wit
departure from viscous flow [32], first, to slip flow with
progressive reduction in viscous drag, and, finally, to
molecular streaming and zero drag. Slopes must declin
when within-bed gas flow loses its power to shape an
maintain a heap and to cushion bed-floor impact.

All particulates that we studied (10 to707 mm) experi-
ence zero drag at 8 Pa. All behave just the same. The
is no heaping. All display a gap. All exhibit a friction-
driven circulation characteristic of coarse powders at a
pressure levels [33]. All are noisy: We hear the shar
crack of each uncushioned bed-floor collision.

Some researchers [9–11] reported upon nonsymme
rical, wall-high heaps. Evesque [11] pointed out the
practical impossibility of establishing strictly vertical vi-
bration, unbiased by horizontal velocity components. I
such components are large, formation of a symmetrica
center-high heap may become an impossibility. In ou
work we succeeded in reducing the effect of horizonta
velocity components to a degree allowing useful study o
center-high heaps. An “indicator” glass duct [21] display-
ing substantially uniform distribution of powder in the
“coherent-expanded” state [15] provides an acutely sen
sitive indication that bias in the vibration is sufficiently
small such that symmetrical, center-high heaping can b
reliably achieved.

Grants from U.S. National Science Foundation (CBT
8620244) and U.S. Department of Energy (DE-FG07
831D12428) supported our work. For their collaboration
or support, we are grateful to M. O. Mason, R. Sprung
R. Warren, G. K. Whiting, C. Raison, G. G. Benge,
S. N. Tshabalala, R. T. Chan, R. Dessy, J. M. Duncan
and Y. A. Liu of Virginia Polytechnic Institute & State
University and to F. Krambeck and A. A. Avidan of
Mobil Research & Development Corp. We thank
Norton-Alcoa Company, Fort Smith, AR, for the gift of
“Master Beads.”

*Electronic address: verasqu@vt.edu
[1] M. Faraday, Philos. Trans. R. Soc. London121, 299

(1831).
[2] H. M. Jaeger and S. R. Nagel, Science255, 1523 (1992).
[3] H. M. Jaeger, S. R. Nagel, and R. P. Behringer, Phys

Today49, No. 4, 32 (1996).
[4] F. Melo, P. B. Umbanhowar, and H. L. Swinney, Phys.

Rev. Lett.72, 172 (1994);75, 3838 (1995).



VOLUME 81, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 20 JULY 1998

r,

e
s
of
l
,

e
l

.

).
y
-

t

)
ir
e
t
d
t
s
e

l.

l,
[5] P. B. Umbanhowar, F. Melo, and H. L. Swinney, Nature
(London)382, 793 (1996).

[6] C. Laroche, S. Douady, and S. Fauve, J. Phys. (Paris)50,
699 (1989).

[7] S. Douady, S. Fauve, and C. Laroche, Europhys. Lett.8,
621 (1989).

[8] S. Fauve, S. Douady, and C. Laroche, J. Phys. (Par
Colloq. 50, C3-187 (1989).

[9] P. Evesque and J. Rajchenbach, Phys. Rev. Lett.62, 44
(1989).

[10] J. Rajchenbach, Europhys. Lett.16, 149 (1991).
[11] P. Evesque, Contemp. Phys.33, 245 (1992).
[12] H. K. Pak, E. Van Doorn, and R. P. Behringer, Phys. Re

Lett. 74, 4643 (1995).
[13] For reviews, see C. Strumillo and Z. Pakowski, inDry-

ing ’80, edited by A. S. Mujumdar (Hemisphere Publ. Co.
Washington, DC, 1980), p. 211; Z. Pakowski, A. S. Mu
jumdar, and C. Strumillo, inAdvances in Drying,edited
by A. S. Mujumdar (Hemisphere Publ. Co., Washington
DC, 1984), p. 245; K. Erdesz, D. Ringer, and A. S. Mu
jumdar, inTransport in Fluidized Particle Systems,edited
by L. K. Doraiswamy and A. S. Mujumdar (Elsevier, Am-
sterdam, 1989), p. 317.

[14] B. Thomas, Y. A. Liu, R. T. Chan, and A. M. Squires,
Powder Technol.52, 77 (1987).

[15] B. Thomas, M. O. Mason, Y. A. Liu, and A. M. Squires,
Powder Technol.57, 267 (1989).

[16] R. Sprung, Ph.D. dissertation, Virginia Polytechnic Insti
tute & State University, Blacksburg, 1987.

[17] B. Thomas, Ph.D. dissertation, Virginia Polytechnic Insti
tute & State University, Blacksburg, 1988.

[18] M. O. Mason, Ph.D. dissertation, Virginia Polytechnic
Institute & State University, Blacksburg, 1990.

[19] Dissatisfied with plots of floor pressures versus phas
angle at fixed floor positions, we have submitted little
pressure data to journals of record. A few “typical” plots
[14] shed little light on Chladni heap behavior. Recently
we came to appreciate the value of plots versus flo
position at fixed phase angle [see Figs. 1(c), 1(d), an
2(c)].

[20] B. Thomas, M. O. Mason, R. Sprung, Y. A. Liu, and A. M.
Squires, Powder Technol. (to be published).

[21] S. N. Tshabalala and A. M. Squires, AIChE J.42, 2941
(1996); G. G. Benge and A. M. Squires, AIChE Symp. Se
91, No. 308, 119 (1995);91, No. 308, 128 (1995).

[22] Although G ­ 4 is a modest value from an engineering
standpoint, period doubling at highG can complicate
is)

v.

,
-

,
-

-

-

e

or
d

r.

heaping studies [7,17,18]. Important results, howeve
have arisen from work atG near 1.0 (e.g., [6,12,15]).

[23] Photographs [14] of 177-mm glass beads at selected phas
angles under stroboscopic top lighting show how thi
zone’s existence depends upon a sharp upward rush
air across bed surface during heap-floor collision. Latera
surficial flow varies along with expanded zone thickness
each reaching a maximum just after the collision. Th
zone then shrinks twofold to threefold before its renewa
in the following cycle.

[24] W. Kroll, Chemie-Ing.-Techn.27, 33 (1955).
[25] V. A. Chlenov and N. V. Mikhailov,Vibrofluidized Beds

(Nauka, Moscow, USSR, 1972).
[26] R. G. Gutman, Trans. Inst. Chem. Eng.54, 174 (1976).
[27] Yu. A. Buevich, A. F. Ryzhkov, and N. M. Kharisova,

Inzh.-Fiz. Zh.37, 626 (1979).
[28] E. G. Rippie, D. C. Kriesel, and H. Rettig, J. Pharm. Sci

67, 1121 (1978).
[29] We will provide experimental details: M. O. Mason, B.

Thomas, R. T. Chan, and A. M. Squires (to be published
A viewer best perceives the front when situated well awa
from the projected image. Although efforts to use frame
by-frame analysis, both by eye and with the aid of an
image analyzer, failed to find the front, its sighting is no
a subjective matter. A number of observers (including
persons unfamiliar with our research and its objectives
speak up simultaneously when the front appears. The
visual response may reflect the sudden fixing-in-plac
of particles behind the front, these particles having jus
earlier been in motion. The front angle can be estimate
if one observer holds a rod up to the image at abou
the right angle, while another across the room give
instructions for correcting the angle during successiv
passages of the front.

[30] We are providing plots like Figs. 1 and 2 for 88-mm
particles: B. Thomas and A. M. Squires, Powder Techno
(to be published).

[31] T. Akiyama and H. Kurimoto, Chem. Eng. Sci.43, 2645
(1988);44, 427 (1989).

[32] See pp. 49–51 in J. Happel and H. Brenner,Low Reynolds
Number Hydrodynamics with Special Applications to
Particulate Media (Martinus Nijhoff, Dordrecht/Boston/
Lancaster, 1986).

[33] Found by E. Muchowski, Int. Chem. Eng.20, 564 (1980);
confirmed by J. B. Knight, H. M. Jaeger, and S. R. Nage
Phys. Rev. Lett.70, 3728 (1993), among others.
577


