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Ticking hour glasses: Experimental analysis of intermittent flow
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Fluctuations in the flow of sand in an hour glass have been investigated experimentally for the
case when the interaction between grains and interstitial air is important. During the active phase
of the flow, a plug is formed at the narrowest constriction of the hour glass. The plug is below the
free-fall arch defining the lower “edge” of the sand heap in the upper chamber. The low-density
region between the plug and the arch defines what we call a “bubble.” Early during the active (flow)
phase, the position of the bubble is stationary, whereas later, it rises into the bulk of the sand and
disappears. The position of the arch thus oscillates with a shorter period than the one associated
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with the active-inactive phase oscillation.

PACS number(s): 05.40.+j, 46.10.+z, 62.20.—x, 62.40.+i

I. INTRODUCTION

Granular materials exhibit many flow properties differ-
ent from what are observed in normal fluids [1-3]. Flow
in an hour glass exhibits some of these fascinating behav-
iors. The simplest flow in an hour glass, which is also the
most frequently observed, is the steady pouring of sand
from the upper chamber to the lower one, with the mass
transfer rate being approximately constant. Several ex-
perimental and theoretical studies have focused on this
type of flow [4-7] with some progress. The granular flow,
in the case when the viscosity of the interstitial fluid is
negligible, is well described by what is now known as
“hour glass theory” [4]. One of the predictions of this
theory is that the mass flow rate is independent of the
height of sand in the upper chamber, which is also ob-
served in experiments. This behavior is in contrast to a
normal fluid for which the flow rate is proportional to the
square root of the height.

In this paper we concentrate on a different flow regime,
namely when the flow is intermittent. The intermittency
is a result of interactions between interstitial air and the
grains being important. The fact that the interstitial
fluid may affect the flow of grains has been known for
some time in the engineering community [4, 8]. However,
very few quantitative measurements [9,10] have been per-
formed, particularly in the regime where flow becomes
intermittent. As first reported by Wu et al. [9], the
intermittent flow in an hour glass occurs only in a nar-
row range of parameter space; namely, the particle size
is in the range 40< d < 300 pum for an hour glass hav-
ing an orifice of diameter ~ 1 mm. For smaller particles
(d < 40 pm), there is no flow due to strong intergranu-
lar interactions. For larger particles (d > 300 pm), the
flow is continuous due to an increased permeability of the
sand, preventing the buildup of a sufficiently large pres-
sure gradient to obtain intermittency. When the particle
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size becomes comparable to the diameter D of the ori-
fice, the flow stops again as a result of the formation of
a stable arch just above the orifice.

One of the motivations for this work is the observation
that the intermittency seen in an hour glass is intimately
related to a spontaneous organization of sand in the vicin-
ity of the orifice. This organization process, resulting
from delicate interactions between the sand grains and
between the grains and air, is highly nonlinear. When
sand flows into the lower chamber a pressure gradient is
created between the chambers due to compression of the
air in the lower chamber and expansion of the air in the
upper chamber. The resulting pressure gradient, which
is localized in the vicinity of the orifice, inhibits the sand
from further motion. We show that the stabilization of a
grain-air interface, leading to intermittency, depends on
the creation of a plug in the orifice. This plug, stabilized
by the pressure difference between the chambers, leads to
the propagation of a low-density zone or a “bubble” in
the upward direction, similar to that of a gas bubble in a
liquid. Though the close relationship between pressure
and flow was recognized in our original paper [9], at that
time we did not have a means of probing small pressure
differences, which turned out to be only one-thousandth
of an atmosphere. To establish on a quantitative level the
correlations between the pressure fluctuations and the
intermittent sand flow, therefore, provides yet another
strong motivation for this research. Using a novel laser
light deflection technique [10], strong correlations were
not only found for large events, involving flow with a large
number of sand grains, but also for a weak pulsatile mo-
tion of the free-fall arches during the active (flow) phase.
This pulsatile motion has a time scale that turned out to
be much shorter than the period of the intermittency.

Recently, attempts have been made to model complex
flow patterns in hour glasses. In particular, Manger et al.
[11] have used computer simulations to investigate the ef-
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fect of hydrodynamic coupling between the flow of sand
and air in small constrictions. Their simulations have
captured a number of essential features seen in our ex-
periments, such as the intermittent flow, the formation of
low-density “bubbles” in the orifice, and the dependency
of the flux on particle size. However, we note that in
their simulations the average mass flux depends on the
height of the sand heap in contrast to what is observed
experimentally. This difference may very well be due to
the absence of arching in the simulation, as we noted
that the effect of arching is difficult to implement in a
computer simulation.

Flow in hour glasses shares a number of features that
are common in silos and hoppers, which are of great util-
ity values. As useful paradigms these systems have been
studied in the past, and many interesting phenomena
have been found [9, 12, 13]. Baxter and Behringer [12]
studied different modes of sand flow in a two-dimensional
hopper, finding density waves whose formation and prop-
agation direction depend on the detailed geometry and
the flow rate. The observed propagation patterns were
also found to depend on the roughness of the sand. Ob-
servations of 1/f noise in a closed hour glass have been
reported by Schick and Verveen [13]. In a typical flow
pattern in the hour glass, the flow takes place in a con-
ical shaped region going through the pile and the sand
slides off from the top in a tiny layer [14,15]. The detailed
structure of the flow, though complicated when the inter-
actions between the gas and the sand are present, is very
important for designing durable and efficient silos. On a
fundamental level, our system represents an interesting
two-fluids model for which the granular flow is strongly
coupled to the air flow. Here to find a realistic constitu-
tive equation for sand [16] and to couple such an equation
with air flow remains a theoretical challenge.

This paper is organized as follows. Section II con-
tains experimental details, including the sample geome-
try and preparations. In particular, techniques of differ-
ential pressure measurement and electrical conductivity
measurement are described. In Sec. III the experimen-
tal observations and data analyses are presented. Special
emphasis is placed on the local structure and dynamics
of sand in the neighborhood of the orifice, as it turns out
that many interesting flow features, including intermit-
tency and flow patterns in the bulk sand, are essentially
determined by the structure and dynamics in this region.

II. EXPERIMENTAL PROCEDURES
A. Pressure measurement

Two hour glasses of different volumes V' and diameters
D of the orifice were used in the experiments. The rele-
vant parameters are defined in Fig. 1. They are given for
the hour glass (A): V = 225 ml, § = 56°, and D = 3.7
mm, and for the hour glass (B): V = 409 ml, 8 = 65°,
and D = 2.8 mm. Glass beads of different diameters,
d = 106 £+ 12, 89 + 22, 66 £+ 10, and 55 + 10 um, were
used. To measure small pressure fluctuations in the hour
glasses, we constructed a pressure sensor which is sen-
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FIG. 1. (a) Drawing of the hour glass to illustrate the ge-
ometrical parameters we refer to in the text. (b) The drawing
shows the experimental setup for pressure measurements at
different heights in the hour glass. A small tube of exter-
nal diameter 1 mm is introduced into the hour glass. A hole
in the tube is introduced at height h, where the pressure is
measured.

sitive to a pressure variation down to 0.1 mm of water.
The schematic of the setup is shown in Fig. 2. This pres-
sure sensor measures pressure variations with respect to
the atmospheric pressure P,. The sensor is connected to
the hour glass by a hard plastic tubing which is 15 cm
in length. The front end of the sensor is a mirror made
of a thin glass plate, 0.1 mm in thickness, coated with
aluminum. An input He-Ne laser is split into two beams
with the primary beam ¢; being reflected from the mir-
ror while the secondary beam i» serves as an intensity
reference. The position of the primary beam is defined
by a knife edge, as shown in Fig. 2. A small change in
pressure inside the hour glass causes the mirror to bend
slightly, thus deflecting the primary laser beam from its
unperturbed position. Since ¢; is constantly normalized
by 2, i1 /12, the background noise due to either the laser
or the photodetectors is significantly reduced. A sim-
ple calculation shows that for small pressure fluctuations
AP(= P — P,), i1/t2 is linearly proportional to AP.
The pressure sensor was calibrated by measuring the
pressure difference between two containers filled with wa-
ter. One container was closed except for the tube connec-
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FIG. 2. The experimental setup used in the pressure mea-

surements.
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tions to the pressure sensor and to the other container.
The second container was open to the atmosphere. Both
containers were partially filled with water, and the tube
connecting the containers was also filled with water. By
varying the height difference between the water levels us-
ing a translation stage, we calibrated the pressure sensor
in terms of the water height. As expected here a good
linear relation between /i and AP(= P — P,) was
found.

The pressure measurements were performed in the
presence of sand. Here the measurements were carried
out in both the lower and the upper chambers, and in-
side the sand heap with the upper chamber open to the
atmosphere. When the pressure was measured in the
sand, the sensor was connected to a steel tube with the
outer diameter 1 mm and the inner diameter 0.75 mm,
as shown in Fig. 1. The tube was closed except for a
small hole in the middle where the pressure was sensed.
The hour glass was placed on a translation stage so that
pressure at different heights inside the sand heap could
be measured. To ensure the same perturbation due to
the intruding tube for all the measurements, the end of
the tube was always in the lower chamber.

B. Conductance measurement

To have a qualitative assessment of the way that sand
packs together near a small constriction we constructed
an hour glass similar to (B) with two electrodes (diameter
= 2.0 mm) mounted on the opposite sides of the orifice.
The diameter of the orifice itself was D = 2.8 mm and
the electrodes were located at 2 mm above the narrowest
region of the orifice, as shown in Fig. 3. The conduc-
tance measurements are sensitive to small changes in the
granular pressure within the sand and to the movement
of the free-fall arch, which will be defined later. A sim-
ple calculation [17] suggests that the conductance across
the electrodes is proportional to the mean coordination
number (i.e., average number of contacts per grain) of
the contact network of the sand between the electrodes.
Thus, measuring the conductance gives an estimate of the

FIG. 3. Experimental setup for conductance measure-
ments. The conductance is measured by observing the voltage
drop over the resistance R. The current i is about 30 mA and
R = 1.2 Q. The orifice of the hour glass used in these mea-
surements is D = 2.8 mm.
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coordination number in the sand heap, which is directly
related to the level of compactification and the stability
of the heap.

In these experiments we used silver coated glass beads
with average diameters d = 66 and 89 pm. To prevent the
contact points between the grains from fusing together it
was important to keep the current as low as possible. In
our measurements the current was typically ~ 30 mA.
The conductance was determined by measuring the volt-
age across a fixed resistance R = 1.2 €2 as shown in Fig. 3.
The conductance can be measured simultaneously with
the pressure.

C. Video visualization

To establish strong correlations between the motion
of sand and the flow of air, coincidence measurements
were carried out to visualize the sand flow on one hand
and to probe the pressure fluctuations on the other. A
video camera was used to image the sand flow in the
vicinity of the orifice. To synchronize the measurements
a short flash of light was used. The flash was registered
by both the video camera and the photodiodes used for
the pressure measurement. The main illumination for
the sand flow was provided by a 5 mW He Ne laser. By
expanding the laser beam using a lens, the structures in
the sand, such as the free-fall arch and the plug, could
be seen reasonably well.

III. DISCUSSION

A. Dynamics of the free-fall arch

The existing theoretical work on mass flow in the hour
glass (see, e.g., Ref. [4]) is based on the idea of a free-fall
arch which is a zone (or a boundary) separating regions
where the grains are typically in contact from regions
where they are typically not in contact (and thus falling).
The forces acting on the particles above the free-fall arch
consist of the stresses from the other particles in addition
to gravity and hydrodynamic forces, whereas below the
free-fall arch only gravity and hydrodynamic drag act.

The theoretical ideas of the free-fall arch and the ex-
istence of a well-defined sharp interface are rather un-
clear [4] and are hardly proven experimentally. As will
be seen below, our experiment did indeed show a rather
sharp density variation in the narrowest constriction in
the sand, but it only occurred when flow in the sand was
intermittent. When flow in the sand was continuous, as
was the case when the hour glass was open on both ends,
no sharp interface could be observed. We investigated
this density front, which may be identified as the “free-
fall arch,” using a CCD camera. Figure 4 presents two
snapshots of the interfacial configurations corresponding
to before and after the formation of the plug. Light was
strongly scattered from the free-falling particles in the
low-density region and is seen as a bright area in Fig. 4.
Since the laser beam could not penetrate into the dense
regions of the sand, these regions appear dark on the pic-
ture. The sharp interface (or the arch) I; between high
and low sand density is clearly seen in these photographs.
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To characterize the interfacial fluctuations we mea-
sured the location of the interface I; as a function of
time. Here the time resolution was 0.02 s determined by
the video rate of our CCD camera. Synchronized mea-
surements of the position of the free-fall arch and the
pressure in the lower chamber are shown in Fig. 5 for
hour glass A. The upper curve shows the pressure mea-
surements and the lower curve (A) shows the position of
the free-fall arch. On the same graph we also plotted the
location of the upper interface of the plug, marked as I,
in Fig. 4(b). This curve is denoted as (B). The interface
Iy appeared during the end of the active phase. In the
pressure and the visualization experiments we observed
two types of oscillations. One was slow and had a period
typically one second [9]. The other was fast and had a
period of a few tenths of a second [10], and it existed only
in the active phase. The vertical position of the free-fall
arch was strongly correlated with the pressure fluctua-
tions. An increase in pressure occurs when the interface
moved upward, while a decrease in the pressure was typ-

FIG. 4.

Photographs of the flow in the active phase il-
lustrating the dynamics of the free-fall arch I; and the plug
formation. (a) The picture shows the “free-fall arch” I before
the formation of a plug. (b) The picture shows plug formation
and the “free-fall arch” I, just after the plug formation. The
upper interface of the plug is indicated by Io.
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FIG. 5. The upper curve: the time dependence of the

pressure fluctuations measured in hour glass A. The lower
curve: the position of the arch A and the upper “interface”
B of the plug as a function of time. The pressure fluctuations
are shown with an arbitrary scale. The lower curve is in units
of cm and is the distance from the bottom of the hour glass.
The particle size in the experiment is d = 89 pm.

ically observed when the interface did not move or when
the interface moved slightly downwards.

In our earlier work [9] the period of the oscillations was
found to be rather insensitive to the particle size. Our re-
cent measurements with different hour glasses, however,
indicate that there could be a particle-size dependence
on the oscillation period, and this dependence appears to
be determined by the geometry of the hour glasses. We
further note that the size-dependent measurements are
intrinsically difficult, particularly with small sized parti-
cles. Moisture in the air, electrostatic interactions, and
the surface roughness all conspire to make the measure-
ments unreliable for small particles.

B. Plug formation and propagation
of low-density zone

One of the interesting findings in the flow visualiza-
tion experiments was the observation of plug formation
in the narrowest part of the orifice. The plug was cre-
ated when the flux of particles coming from the free-fall
arch was too large to pass through the orifice rapidly.
The accumulation of particles in the narrowest constric-
tion severely restricted the flow of air, thus allowing the
pressure gradient to build up in the orifice which further
stabilized the plug. The appearance of the plug signaled
the end of the active phase. Despite the absence of sand
flow from the upper to the lower chamber after the for-
mation of the plug, there was still a great deal of move-
ment of sand above the plug. This could be characterized
by the appearance of an air “bubble” which propagated
upwards and eventually disappeared in the sand heap.
Figure 4(b) shows a snapshot of the plug and the bub-
ble as it traveled upwards. It is intriguing that a bubble
with a reasonably sharp interface can form in a granular
material considering that there is no interfacial tension
between the sand and the air. The stability of the in-
terface seen here therefore must involve hydrodynamic
interactions between the grains, and the grains with the
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air. The latter effect is clearly due to the differential
pressure across the interface which stabilizes the sharp
density stratification.

C. Inactive phase: Darcy flow

When the sand falls from the upper into the lower
chamber, the pressure increases in the lower chamber and
decreases in the upper chamber. However, when the flow
ends, the pressure gradient decreases due to the fact that
the sand is permeable to air. The change in the pressure
gradient is related to the air current passing through the
sand matrix in the orifice. By using the Darcy law in
the inactive regime, the pressure difference between the
upper and the lower chamber can be calculated with the
result [9]

AP = AP™ exp(—t/T), (1)

where AP™%® js the maximum pressure difference be-
tween the two chambers at ¢t = 0 and 7 is the character-
istic time given by

T =nV/PorkR (2)
with V being the volume of the upper chamber, Py the
average pressure in the hour glass, 7 the air viscosity,
and x the permeability of the sand. In this calculation
it has been assumed that the pressure difference is lo-
calized in a small region, ~ R3 in the orifice. The size
R provides a useful length scale from which the pressure
gradient can be calculated. Within our simple model,
the pressure relaxes exponentially with a time constant
that depends on the internal pressure of the gas Py. We
emphasize that the above calculation does not include
the effect of sand compactification during the inactive
phase. Such an effect, though nonlinear in character,
has little influence on the pressure measurements. When
the air pressure AP between the two chambers becomes
smaller than a minimum pressure AP™", the sand be-
comes unstable and starts to flow again. The pressure
fluctuations between the lower chamber and the atmo-

pressure (mm water)

time (s)

FIG. 6. Pressure fluctuations as a function of time for
d = 89 pm particles in hour glass A with D = 3.7 mm.
The measured pressure is the differential pressure between
the lower chamber and the atmospheric pressure.

spheric pressure are shown in Fig. 6 for measurements
with the hour glass A filled with 89 um particles. Note
that the pressure difference AP between two chambers,
defined earlier, is twice the pressure difference between
one of the chambers and the atmospheric pressure, which
is shown in the figure. Experimentally we found that
AP™**® and AP™"™ were nearly independent of particle
size, and were approximately 23 and 10 mm of water,
respectively. These values were reasonably constant, i.e.,
independent of time, for a given particle size.

In order to verify experimentally Eq. (2), we changed
the average pressure Py in hour glass A by compress-
ing air into the hour glass using a large syringe. The
frequency of the slow oscillation was measured by moni-
toring intensity fluctuations of a He-Ne laser beam which
passed through the neck of the hour glass. Since the vis-
cosity of air is independent of pressure, the relaxation
time 7 should be inversely proportional to P,. This was
indeed seen in the experiment. Figure 7 shows the inac-
tive time T;, which is proportional to 7 [9], as a function
of the dimensionless pressure P,/P,, where P, is the at-
mospheric pressure. The data can be fit reasonably well
by a line which passes through the origin. This is consis-
tent with Eq. (2). The scattering in the data was partly
due to the cohesive forces and partly due to small tem-
perature variations between the two chambers. These
effects, though small, were quite discernible in the exper-
iment, reflecting the sensitivity of our measurements.

Usually the importance of the interstitial fluid is re-
lated to whether the intergranular forces are transmitted
through direct contacts between grains or through hy-
drodynamic forces due to the interstitial fluid. The ra-
tio between these forces defines the Bagnold number B.
An estimate of the Bagnold number for the hour glasses
used in our experiments indicates that the dominant ef-
fect of the interstitial fluid is collective rather than free
single-particle behavior. As was shown in Ref. [9], we
may estimate the ratio between the gravity and hydro-

)
— -
-
B
2 -
T
(4
Q
5.0

FIG.7. Theinactive time T; as a function of P,/ Po, where
P, is the atmospheric pressure and P, is the average pressure
in the hour glass.
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dynamic forces for a single grain which is not in contact
with the others. Using the expression for the drag force
on a spherical particle of radius r moving with velocity v
in a Newtonian fluid of viscosity 1 and density p, we find
the Bagnold number to be B = 2r2gp/9nv, where g is the
gravitational acceleration. Using the numbers found in
the intermittent regime of our hour glasses, we estimated
B to be approximately 103. Thus, the hydrodynamic
forces are not capable of competing against gravity for
a single free grain. However, it is quite reasonable that
when hydrodynamic interactions act on a collection of
particles, the situation could be quite different. As will
be seen below, the mechanism behind the blocking of the
flow is the formation of a plug in the narrow constric-
tion of the hour glass. This plug is a collective structure,
and what we have to understand is the equilibration of
such a structure under the influences of gravity, friction
(between two grains and between grains and the wall),
and hydrodynamic forces. The intermittent flow seen
in the experiments strongly suggests that in reality the
hydrodynamic and mechanical forces in the system are
of the same magnitude. Namely, the system is operat-
ing near marginal (in)stability: Sometimes the hydrody-
namic forces dominate, and sometimes the mechanical
forces dominate. When the former occurs the sand stops
flowing, whereas when the latter occurs the sand starts
flowing. As a result, the Bagnold number is of the order
of unity. Using this reasoning, we may estimate the me-
chanical forces using the hydrodynamic ones, which are
easier to determine. The hydrodynamic forces are those
induced in a porous medium by a pressure gradient across
it. The pressure gradient is concentrated across a small
volume D3 in the vicinity of the orifice and the pressure
difference AP between the chambers is of the order of
10 — 24 mm water in these experiments. The contact
forces we estimate to be the weight of the grains within
a volume ¢3, where ¢ is a characteristic length scale re-
lated to the size of the mesh of the network transmitting
forces within the sand, and ¢ is volume fraction of the
grains [18], for which to the lowest approximation one
may use the value for random close packing of spheres.
This weight constitutes the “granular pressure.” It is im-
portant to note that £ in general is much smaller than the
height of the sand pile. When the sand is not flowing, the
granular pressure of the sand itself will balance the hy-
drodynamic forces, and we estimate £ = AP/(pyg¢) =~ 8
mm.

D. Inactive phase: Compactification

Although the effect of compactification might be negli-
gible for the pressure measurements, it manifested itself
in the conductance measurements. Figure 8 shows the
conductance (lower curve) as a function of time. For
clarity the electrical conductivity measurement was car-
ried out simultaneously with the pressure measurement,
which is displayed as the upper curve in the same graph.
Several features in the figure are interesting. First, unlike
the pressure, the modulation in the conductance is nearly
100% with the conductance approximately saturating at
0.5 Q7! during the inactive phase, whereas it drops to
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FIG. 8. The time dependence of the pressure and the con-

ductance for beads of size d = 89 pm and hour glass B. The
conductance is the lower curve with units 7. The pressure
is the upper curve using an arbitrary scale.

nearly zero during the active phase. Second, the fast os-
cillations in the conductance are seen in the active phase,
and they appear to be commensurate with the fast oscil-
lations seen in the pressure curve. These oscillations may
be interpreted as there being free-fall arches moving in a
pulsatile fashion near the electrodes. Since the conduc-
tance is proportional to the average coordination number
[17], our measurements give a qualitative assessment to

" the local structure of the plug. In the active phase when

the sand is moving, the grains are loosely packed giving
rise to an overall reduction in the conductance. In the
inactive phase, on the other hand, the grains are much
more closely packed giving rise to a high conductance.
A close inspection of the conductance curve in the inac-
tive phase shows that there is a gradual increase in the
conductance. This suggests that as the sand grains set-
tle into a quasistatic configuration the average number of
contacts between the grains increases. A rough estimate
shows that the average coordination number increases by
7% during the inactive phase.

To ensure that small oscillations in both the pressure
and the conductance measurements were not due to dis-
turbances as a result of the pressure sensor, the conduc-
tance was also measured with the pressure sensor discon-
nected. The results shown in Fig. 8 were reproducible.

E. Pressure measurements in the sand

Measurements of pressure fluctuations at different
heights in hour glass A are shown in Fig. 9(a). In these
measurements, the upper chamber was open to the atmo-
sphere. It is interesting that the fast oscillations in the
active phase were totally absent in this case. Since the
local measurements require insertion of a pressure probe,
which is 1 mm in diameter, the observation clearly shows
ultrasensitivity of granular flow to the imposing bound-
aries. The presence of the probe alters the granular flow
in two significant ways: (1) it limits the pathway of sand
flow, and (2) it changes the stress distribution in the sand
near the orifice. It is anticipated therefore that both ef-
fects can have profound influences on the formation of
arches in the orifice, thus altering overall flow behavior
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in our hour glass.

Despite significant disturbance to the granular flow,
our measurements provided a useful diagnosis for the air
pressure distribution in the hour glass, which would be
otherwise difficult to obtain. Figure 9(b) is a sketch of
the positions where the pressures were measured. The
shaded area represents the range between the lowest and
the highest position of the free-fall arch. As shown in
Fig. 9(a), both the mean pressure as well as the pressure
fluctuations increase as the height decreases in the orifice.
On the other hand, the period of pressure variations is
constant for all the heights.

In Fig. 10 the average maximum (solid dots) and min-
imum (open dots) pressures are plotted as a function of
height. From the flow visualization experiment it was
found that the maximum pressure corresponds to the mo-
ment just before the inactive period starts. It was also
observed that a small number of sand grains fell from the
lower part of the orifice just when it became stabilized,
i.e., at the very end of the active phase. Therefore, the
position of the lower sand surface just before stabiliza-
tion was lower than the position just after stabilization.
This can be seen as a decrease in the maximum pres-
sure curve for the height interval between 10.0 cm and
10.5 cm. This decrease is not seen in the average min-
imum pressure curve because there is no sand in that
part of the tube giving rise to a pressure gradient. An-
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FIG. 9. (a) Pressure measurements as a function of time

at different positions h along the central vertical axis of hour
glass A. (b) The drawing represents the neck of the hour glass
with indications on the locations where the pressure measure-
ments were performed. The values on the right-hand side
represent the heights where the pressure measurements have
been performed. The values on the left side are the narrowest
part of the orifice, h = 10.25 cm, the lowest position of the
free fall arch, h = 10.5 cm, and the highest position of the
free fall arch, h = 11.0 cm.
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FIG. 10. The average maximum and the average mini-

mum pressure as a function of position h in hour glass A. The
data of the average maximum pressure are shown with filled
circles, and the average minimum pressure with open circles.
The vertical lines represent the lowest and the highest posi-
tion of the free-fall arch.

other interesting observation is the different slopes in the
maximum and the minimum curves for heights in the re-
gion of the shaded part of Fig. 9(b), indicated by the two
vertical lines in Fig. 10. This difference in the slope is
consistent with the compactification of the sand which
was also observed in the conductance measurements de-
scribed above.

Simultaneous pressure measurements in both the up-
per and the lower chambers were performed to check if
there existed a measurable phase shift between the pres-
sure oscillations in the two chambers. To the best of our
effort, no such delay was detectable. This was consistent
with our visual observation, which showed synchronous
motion of sand at the top of the heap and in the orifice.
The observation suggests that the central region, which
is most active in the mass transport and has the shape
of a funnel, moves without any apparent change in the
density of the sand.

IV. CONCLUSION

The aim of this research has been to investigate the in-
termittent flow in hour glasses with an emphasis on the
influence of the local granular structure and dynamics
on the global flow behavior. We have investigated this
intermittent flow behavior using different experimental
techniques such as pressure, electrical conductivity, and
video imaging methods. In some cases coincidence mea-
surements with different techniques were carried out.

The experiment has largely confirmed our early phys-
ical picture that the intermittent flow is a result of deli-
cate coupling between flow of sand and the interstitial air
[9]. It is interesting that minute pressure fluctuations in
the hour glass, of the order of 1073 atm, can momentar-
ily stop mass flow of grains completely, thus producing
nearly periodic motions in the sand. The flow dynamics
in the intermittent regime can be characterized by two
different time scales. In the inactive phase the sand stops
moving with a duration 7; and in the active phase the
sand moves nearly continuously with a duration T,. The
period of the oscillation T'(= T; + T,) shows a weak, yet
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observable dependence on the size of the particles used,
contrary to our early findings [9]. In addition we also ob-
served a stepwise upward movement of the free-fall arch
during the active phase. This pulsatile motion has a time
scale shorter than the period 7', and the movement of the
front is strongly correlated with the pressure fluctuations
in the lower chamber.

In the active phase, a cluster or a plug is formed in
the narrowest part of the orifice, below the free-fall arch.
This plug stabilizes at the very end of the active phase
and results in a “bubble” propagating in the upward di-
rection. The pressure gradient caused by the flux of sand
from the upper to the lower chamber tends to stabilize
the plug, and then stops the mass flow completely creat-
ing a new stable interface.

In the inactive phase, a flow of gas from the lower to
the upper chamber will decrease the pressure gradient.
The pressure gradient will decrease until the sand again
becomes unstable and starts to flow. The pressure in
the inactive phase was measured and found to be con-
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sistent with the theoretical predictions reported by Wu
et al. [9]. However, an additional effect was observed
from synchronized conductance and pressure measure-
ments. In the conductance measurements we observed
a slight increase in the conductance during the inactive
phase indicating a compactification of the sand. Inde-
pendent pressure measurements internally in the sand at
different heights support the idea of a local trapping of
air in the sand followed by compactification.
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FIG. 4. Photographs of the flow in the active phase il-
lustrating the dynamics of the free-fall arch I; and the plug
formation. (a) The picture shows the “free-fall arch” I, before
the formation of a plug. (b) The picture shows plug formation
and the “free-fall arch” I, just after the plug formation. The
upper interface of the plug is indicated by Io.



