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The effects of a counter-current interstitial flow on a discharging hourglass
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This work experimentally investigates the effects of an interstitial fluid on the discharge of granular
material within an hourglass. The experiments include observations of the flow patterns,
measurements of the discharge rates, and pressure variations for a range of different fluid viscosities,
particle densities and diameters, and hourglass geometries. The results are classified into three
regimesi{(i) granular flows with negligible interstitial fluid effectgi) flows affected by the presence

of the interstitial fluid; andiii ) a no-flow region in which particles arch across the orifice and do not
discharge. Within the fluid-affected region, the flows were visually classified as lubricated and
air-coupled flows, oscillatory flows, channeling flows in which the flow preferentially rises along the
sidewalls, and fluidized flows in which the upward flow suspends the particles. The discharge rates
depends on the Archimedes number, the ratio of the effective hopper diameter to the particle
diameter, and hourglass geometry. The hopper-discharge experiments, as well as experiments found
in the literature, demonstrate that the presence of the interstitial fluid is important when the
nondimensional ratioN) of the single-particle terminal velocity to the hopper discharge velocity is
less than 10. Flow ceased in all experiments in which the particle diameter was greater than 25% of
the effective hopper diameter regardless of the interstitial fluidR@®4 American Institute of
Physics [DOI: 10.1063/1.1781158

I. INTRODUCTION In an hourglass containing relatively large particles, the
discharge rate may be unaffected by the interstitial gas. For
For centuries, the hourglass has been used as a methodttese conditions, the flow of the material is similar to that
measure the passage of time. The time-keeping principles aféund in an open ventilated hopper. An understanding of
simple: the volume of material that has discharged from thélow in a discharging hopper has developed from numerous
upper bulb or hopper is linearly proportional to the time thatanalytical and experimental studies as described by
has passed. Hence the flow rate through the hopper is coneddermart. Figure 1 shows a sketch of a cylindrical hour-
stant with time and independent of the amount of materiaglass and includes the half angle of the cone-shaped hopper.
above the orifice. Because the discharge rate is independeparticles enter the hopper from an upper bin in which the
of the height of the bed, the principles governing the flowmaterial moves as a plug. As the material moves towards the
rate differ significantly from flow of a Newtonian fluid. As a hopper, the material undergoes strain because of the change
result, the study of flow in an hourglass is useful in underin geometry. If the granular material is close to the random
standing the principal mechanisms governing flows of granuclose packing limita solid fraction near 0.§2hen the ma-
lar materials. terial must dilate for shear to occur. If the granular material is
Most hourglasses are filled with sand and air, althougtpoured into the hopper so that it is close to the random loose
some use fine glass beads or ground eggshells. As the majgacking limit (a solid fraction near 0.55the shearing may
rial falls from the upper hopper, air moves upward throughoccur without much further dilation. Typically, the granular
the permeable particle bed resulting in a countercurrent cowsed will settle under the influence of gravity and small dis-
pling of the airflow and the falling material. Consequently, turbances; hence for most flows the volume fraction will be
the discharge rate in an hourglass may depend on the upwalgss than the random loose packing limit. In moving through
flow of interstitial air. The “world’s largest hourglass,” lo- the hopper, the granular material becomes easier to shear,
cated at the Nima Sand Museum in Shimane Prefecture, Jaeaching a location referred to as the arch at which compres-
pan, is 5.2 min height, 1 m in diameter and contatfston  sive stresses are not transmitted through the granular mate-
of sieved san@0.13 mm diametgr The hourglass is flipped rial. Above the arch, the walls support most of the weight of
at midnight on New Year's eve. To maintain a constant flowthe particles in the hopper. Once the grains pass the arch,
rate (0.032 g/$ through the orificg0.13 mm diametgr the  they jostle past each other towards the orifice. The gravity
air pressure within the hourglass is controlled to compensatériven jostling processes below the arch and above the ori-
for the variable temperature conditions throughout the yeaffice determine the discharge rate of a dry hopper.
Hence, the countercurrent airflow can control the passage of As outlined in the text by Neddermanyhen interstitial
the sand, and in this case, control the measurement of timéluid effects are insignificant the discharge rate of a particular
monodisperse granular material depends primarily on gravity
dElectronic mail: hunt@caltech.edu and the size of the hopper orifice. Hence, the average dis-
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/ﬁ\ stationary bed resulting in a pressure increase in the upper
bulb. The pressure in the bulb reaches a value at which the

pressure difference can no longer support the particles, and
the flow resumes. This intermittent behavior occurred for
20 cm particle diameters in the range from 40 to 148 using an

orifice with diameter of~2 mm (16>D’'/d>49). For par-
ticles larger than 11m (16<D’/d), the material appeared

» a to discharge continuously until reaching a limit when the
particles were large enough to arch across the orifice and
é— 2¢cm

stop the flow; for particles smaller than 40n (D’/d<49)
interparticle forces prevented the material from discharging.
A later study in the same Iaborat8r\jound a low-density
bubble region within the neck of the hourglass during the
4.4 cm active phase of the discharge cycle. The bubble would oscil-
> late and move upward into the packed material during the
inactive phase.
a — hopper A recent study by Veje and Dimdralso focused on the
half angle dynamics of intermittent flow in the closed upper chamber of
\g/ an hourglass with a gradually varying stem. The experimen-
tal measurements indicate that for sufficiently small particles
FIG. 1. Diagram of 15° and 30° cylindrical hourglasses. (~100 um glass sphere®’/d=29) the air/particle interface
is stationary in position, but breaks during regular intervals
allowing the material to exit the hopper. For slightly larger
charge velocity of the particles, can be scaled by the char- particles(~200 um glass sphered)’/d=14) the interface
acteristic hopper discharge ratg, oscillates.
- - _ 112 Comparable studies on hoppers suggest that flow rates in
W=/ =W/ CLg(L = pilpd DI, @ an unventilated hopper are reduced when compared to ven-
wherew,=C[g(1-p;/p)D']*2, which includes the effects of tilated flow if the particles are sufficiently smallf the in-
particle buoyancy on gravitational acceleratigrandD’ is terstitial fluid is a liquid, the countercurrent liquid flow may
the effective orifice diameter. This diametBr =D-kd is  have a pronounced effect on the discharge rate and discharge
defined using the Beverloo correctibmhereD is the orifice pattern; for example, Duckest al> have suggested that the
diameter for a cylindrical hopper arttlis the particle diam-  return flow fluidized the granular material.
eter. The Beverloo correctiok has been empirically intro- Although liquid-filled hourglasses are not important for
duced to account for the reduction in orifice size because thgme keeping, similar flow phenomena are found in industries
center of a particle must be at lead® from the edge of the that handle granular materials, slurries, or debris flows. The
hopper; the value is slightly larger than unity. For planarcurrent research uses a simple hourglass geometry to exam-
hopper of depth and an orifice widttb the rate determining ine the effect of fluid properties on the discharge rate and
effective orifice width is the hydraulic diamet®,=4A/P,  discharge pattern of different interstitial fluids and granular
which is defined from the perimet@rand the cross-sectional materials. The important physical properties in determining
areaA of the region hourglass discharge rate are gravity, particle density, fluid
4(b - kd)(I - kd) density, particle diameter, fluid dynamic viscosity, orifice di-
W . (2) ameter, and hourglass geometry. The surface roughness and
2(1+b-2kd) polydispersity of the particles may also be importhiit
In Eq. (1), the adjustable constaft depends on the friction were not explicitly examined in this study.
angle of the particles and the hopper angle and is usually
determlned_by experiment; howeve_r, the value is t_yplc_:ally”_ EXPERIMENTAL METHOD
close to unity. Here, the value & is chosen as unity in
scaling the characteristic velocity,. To examine interstitial fluid effects, several different
Several recent studied have examined unsteady flow hourglass shaped vessels of varying complexity were made
or “ticking” in an hourglass. Wt al? reported that the flow as shown in Figs. 1 and 2. Two hourglasses were made from
out of a cylindrical hourglass appeared to be intermittentlown glass with 15° and 30° hopper half angles; a third was
with active (flow) and inactive(no flow) phases. Their mea- machined out of acrylic with a 90° hopper half angle. The
surements presented the mass of the discharging materigiree vessels were cylindrical with an orifice of 2 cm; the
over time and demonstrated that the intermittent behavioregion of constant cross-sectional axda4 cm in diameter
was due to the upward flow of air. During the active phasefor the 15° and 30° hourglasses; 5 cm for the 90° hourglass
the pressure in the upper bulb drops until the pressure diffemwas at least 20 cm in length. To remove air bubbles in the
ence with respect to the atmosphere reaches a maximum; glass devices, a cylinder was fitted over the top hole and a
this point the air/particle interface is stabilized and the flowleak-proof seal made between it and the hourglass. The cyl-
of grains stops. In the passive phase, air seeps through tleder was filled with the same fluid so that the vessel could
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Ocm Experiments were repeated at least seven times for each data
set.
FP2 P2 In the 2D facility, a computer data acquisition system
34 cm C | collected transducer output at frequencies from 2 Hz up to

40 Hz. Video and pressure recordings were synchronized by
a strobe light that was triggered with transducer data acqui-
sition. To reduce hysteretic errors, transducer zeros were
recalibrated after each run by checking transducer outputs
after discharge and calculating the appropriate hydrostatic
pressure.

Glass beads and steel shot were discharged in air, pure
water, or in water-glycerin mixtures, while lead shot was
discharged in water or silicon oil. The steel-shot water ex-
. periments also contained 0.1% sodium nitrite to retard cor-
5 cm rosion. The glass beads were of various diamei@s, 1.6,

= 3.0, 4.0, and 6.0 mirwith a density of 2.5 g/cf) the lead
shot (0.47, 2.0, and 3.5 mm diamejehas a density of
FIG. 2. Diagram of‘ the two-dimensional hourglass. The _Iocations of tptalll_o glcrﬁ; the steel shot were 1.4 mm diameter and a den-
pressurgTP) and fluid pressuré=P) transducers are shown in the upper bin. sity of 7.9 g/Cfﬁ. The metal and 1.6 mm glass particles had
rougher surfaces and were less spherical than the other glass
particles. The fluids included afviscosity 0.018 cP; density

be capped while immersed. For the experiments, the cylindedf 0.0012 g/cr), silicon oil (viscosity of 100, 500, or
was then removed after capping. The acrylic vessel had 4000 cP; density of 1 g/ctn and water-glycerin mixtures
bleed screw through which fluid could be injected to remove(Viscosity from 1 to 600 cP; density from 0.995 to
unwanted air. 1.2 g/cn¥). The density and viscosity of the water-glycerin
The fourth apparatugFig. 2) was a two-dimensional Mixtures were calculated from the temperature and specific
(2D) channel that was made by sandwiching a steel lined@ravity measurements of these mixtures.
aluminum frame between front and back acrylic windows.
This apparatus was 1.5 m tall, 15 cm wide, and 4.4 cm deepil. RESULTS
with a 30° half angle and a 3 cm orifice width; it was SUP- 1\ Eow patterns and discharge rates
ported on a swivel stand. The vessel contained three fluid”
gauge pressure transducéBruck® PMP 1225 that could Several different flow patterns were observed and visu-
measure pressures between 0 to 35 kPa to a resolution efly classified as dry, lubricated, oscillatory, channeling, or
0.1 kPa. These transducers were located behind flustuidized. In a dry flow, air was the interstitial fluid. The
mounted porous screens to prevent particles from contactinigbricated flows appeared visually similar to dry flows but
the sensing area without altering flow conditions. The hourthe discharge rate was decreased due to the presence of the
glass also contained two flush mounted total pressure transiscous liquid.
ducers(Honeywell® AB/HP that measured pressure due to In an oscillatory flow, fluid bubbles appeared in the
fluid and particles in contact with a flat 1.9 cm diameterthroat of the hourglass as shown in the series of images in
sensing area. These transducers measured pressures betwign 3 taken at 1 s intervals. In the first image the bubble
0 and 40 kPa to a resolution of 0.2 kPa and were calibratedppears at the lower edge of the orifice. Approximately 1 s
during filling by measuring the hydrostatic head of the fluidlater, the bubble has broken apart and the exiting stream is
above each transducer. Transducer locations are illustrated directed to the left. The higher velocity fluid moves into the
Fig. 2. hopper region as shown in the third image and begins to
During discharge of the cylindrical and 2D hourglassesdiminish as it moves further up into the hopper as seen in the
the location of the fluid/particle interface in the bin was re-fourth image. Subsequent figures show the stream migrating
corded on video and digitized. This height was found fromto the right with the appearance of a bubble.
the images by locating five points across the bin that had the In channeling flow, the bed showed a distinct region of
sharpest change in intensity; in the experiments the differpreferential upward fluid flow near the hourglass wall as ob-
ence in height along this line was less than 0.5 cm. A horiserved in Fig. 4. In the figure, the upwardly moving fluid
zontal line was fit to these points to find the average interfaceragged the blurred particles. The channel extended from the
height and the average bin discharge velocity. The averagerifice to the upper surface of the bed and was formed on the
particle velocity at the orifice was calculated using the binside of the hourglass that faced upwards when the hourglass
discharge velocity and the effective arébased on the Bev- was inverted.
erloo correctionof the orifice and bin sections. The interface Under certain conditions, the upward flow fluidized sec-
was tracked over a 7—10 cm distance in the cylindrical hourtions of the bed. For some flows such as the 0.6 mm glass
glasses and over at least a 25 cm distance in the 2D houbeads in water, the fluidized section appeared unsteady with
glass. To reduce end effects, tracking started once a cledisturbances propagating through the bed. However, these
interface formed and stopped at the top of the hopper sectionlisturbances were not observed for slightly larger particles in

67 cm FP1 TP1
73 cm FPO

146 cm

-
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FIG. 5. Interface height vs time in the 2D hourglass; dry corresponds to

FIG. 3. Photographs showing the propagation of a fluid bubble for oscillat8 MM glass beads in air; lubricated 4 mm glass beads in water; oscillatory

ing flow of 1.4 mm steel shot in watefa) Slow flow, beads packed near 1.4 mm stgel shot in Watgr; fluidized 1.4 mm steel shot in 20 cP Watgr-
orifice. (b) Fluid bubble begins to move up into hopper) Fluid bubble glycerin mixture; channeling 3 mm glass beads in 96 cP water-glycerin

continues moving up into hoppe(d) Fluid bubble starts to contracte) mixture.
Slow flow returns.

For dry flows and the largest values@fD’, the values
more viscous fluids. For other flowd.6 and 3.0 mm in hWare close to unity;' the variations reflect the differences
water-glycerin mixturex fluidization was apparent only near ' the hopper geomet”es and the const@nﬂnterestlngly,
the orifice section of the hourglass. the_ tw_o experiments for the 0.6_ mm glass spheres in the

Measurements were made of the discharge rates for tHeylindrical vessels show a drop in discharge rate of almost
flow regimes. Figure 5 shows examples of the interface’0%0 @s compared with the values for the larger diameter

height versus time in the 2D hourglass for 6 mm glass bead¥Pheres, suggesting that discharge rate is reduced by the up-
in air, 4 mm glass beads in watdubricated, 1.4 mm steel ward flow of air. This drop is not fpund for the 2D geometry,
shot in water(oscillatory), 1.4 mm steel in a 20 cP water- because the smallest valueddD’ is for 0.47 mm lead shot,

glycerin mixture(fluidized) and 3 mm glass beads in a 96 cP which is denser than glass and less affected by the interstitial
water-glycerin solution(channeling. For the dry flow, the fluid. The error bars show the standard deviation calculated

initial interface height was smaller because a significan{f®M ~10 measurements. For the dry flows the standard de-

amount of granular material discharged during flipping of theV1ation was typically 3% —4% of the average value.
hourglass. For all of the curves, the discharge rate appears to F19uré 6 also includes the discharge with water for sev-

be relatively constant with small fluctuations. Note that the€ral different particle diameters. In all of these flows, the

discharge rate of the steel particles in water is approximatel§ischarge was described as lubricated. Compared with the
twice as fast as for glass beads in water. dry flows, the discharge rate decreased by approximately a

Figure 6 presents the dimensionless discharge speed factor of 8 and showed a rather weak dependence on particle

as a function ofl/D’ for glass beads in air or in water. For diameter. The water discharge rates also appeared to be

simplicity and as a best fit of the data, the value of the Bev/2r9€ly independent of the device geometry. The standard

erloo constantk, was taken as 1.1 for all of the experiments
and geometries. If the parametemwere taken as 0O for dis- 12

charge in air, the data for the 2D hopper would show a de-
crease in the discharge rate with increasing particle size. ; 1t . N R Yy ]
g ; $
Sosl ® 15,dry
? m 30, dry
a A 2D, dry
@ 0.6 ¢ 15,H,0
2 o 30, H0
c o 90, H,0
204} [] A 2D, H0
c
qu *
8 0.2} A & .
A 3
0 : o : :
0 0.05 0.1 0.15 0.2 0.25

Diameter Ratio, d/D’

FIG. 4. Close-up of hopper in channeling discharge of 1.4 mm steel shot ifFIG. 6. Dimensionless discharge raf¢ as a function ofd/D’ for glass
a 20 cp water-glycerin mixture. beads in air and in lubricated flows in water.
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10° 10° 10° 10* 1¢° 10° 102 10° 10° 1¢* 10° 10°
Archimedes Number Archimedes Number

FIG. 7. Reynolds number based on the particle velocity at the exit of theFIG. 8. Reynolds number based on the particle velocity at the exit of the
hopper as a function of Archimedes number for flows in the 15° and 30°hopper as a function of Archimedes number for flows in the 90° and 2D

hourglasses for glagg) and lead(Pb) particles of different diametergn hourglasses for glagg), steel(s), and leadPb) particles of different diam-
mm). The data do not include dry flows. The labeling indicates lubricatedeters(in mm). The labeling indicates lubricatedl), oscillatory (O), fluid-
(L), oscillatory(O), fluidized bed(FB), and channelingC) behaviors. ized bed(FB), and channelingC) behaviors.

L . Figure 8 shows the exit Reynolds number increases with
deviation of these measurements was at most 7%; the error . . .
creasing Archimedes number for the 90° hoppers and for

) N
bars are not shown because they were of the same size of th$ -

. . e 2D system. These hourglasses also show similar trends
data symbols in the linear scale.

Although the flows demonstrated a varying dependencéegarqmg _the types of flow. Iq Figs. 7 and 8, the standard
) ; . : deviation in the measured exit Reynolds number was also
on fluid and solid properties, the discharge rates can be ex-
: ; . ) . calculated. For most of the measurements, the standard de-
plained relatively simply. Consider the discharge of large . .. .
. L . viation was less than 10% of the mean of the exit Reynolds

dense particles from a hopper in air. As the material moves | ber
downwards in the hopper, the material dilates and accelerates Figure 9 is a map of the flows in terms of Archimedes

to the hopper exit velocity. Upon exiting the orifice, the as- L imber andd/D’ for all of the experiments with a liquid

sembly of parnc!es continues to accelg rate from the exit V€interstitial fluid. Lubricated flows were found for the largest
locity to a terminal or free fall velocity. However, as the

particle size is decreased or if the surrounding fluid is a “q_Arch|medes numbers and the largest valuesiAid’. Oscil

uid, the hopper velocity may begin to approach the termina|atory flow was found in the 157 and 2D geometries for Ar
T PP y may beg bp . ~10% for the same Ar, the flow was described as lubricated
velocity. Under these conditions, the terminal velocity would. . o . -~ .
: in 30° and 90° geometries. The fluidized bed data was pri-

then act to control the discharge rate rather than the rate

governed by the size of the hopper opening marily found in the smallest values ofd/D’ for
Figure 7 shows a plot for the 15° and the 30° hoppers 0];L01<Ar<104. In the 15° and 30° geometries for larger val-

. : . . _~ues ofd/D’, the material in the hopper was fluidized; how-

the particle Reynolds number using the velocity of a particle . ) .
. . . : ever, the material above the hopper remained in contact and

as it exits the hopper, Rgswd/u, where u is the fluid

viscosity as a function of the Archimedes number, Ar

=pi(ps—pr)gd®/ u?, a parameter found in the particle settling

0
literature. Note, for a single-particle settling at the Stokes 10 oL P} o FB + C |
terminal velocity, Re equals Ar/18 using the Stokes velocity
[d?g(ps—p;)/18u] as the characteristic speed. The figure
shows that velocity increases with Ar and suggests a second
ary dependence on particle size. This variation appears to be oo 00% o0 o o °
linked to the exhibited flow regime. The figure also includes @ 107t + o o ¥ &
data points for lead sh@2 mm and 0.47 mmin water and  © + +#i#h #1000 e ©
in either a 100 cR0.47 mm particlesor a 500 cP(2 mm)
silicon oil. The lead data follows the data for the glass o mn_: oo .
spheres with the exception of the 0.47 mm particles in + °
100 cP fluid where the exit Reynolds number is somewhat
larger than would be expected. Experiments were also per- 102 \ \ , \
formed with the 0.47 mm lead in the 500 cP fluid. For this 102 1° 10 10* 10° 10

combination of parameters, the bed remained suspended af Archimedes number

ter Im./ertmg the hopper, maklng .It ImpOSSIbIe to _defme aFIG. 9. Regime map for flows with an interstitial liquid. The labeling indi-
clear mt?rface _between the receding granular media and thges ubricatedL), oscillatory(0), fluidized bed(FB), and channelingC)
suspending fluid. behaviors.
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8.0 A 2D, lub
5 10 @
s € 04} .
« 2
i 102 S N
O lubricated E 02
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o fluidized bed &%
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Terminal Reynolds number N = Terminal Velocity / Hopper Velocity

FIG. 10. Reynolds number based on the particle velocity at the exit of theFIG. 11. Dimensionless discharge raé¢as a function ofN for dry and
hopper as a function of terminal Reynolds number for a single particle. Théubricated flows.

lines correspond to solid fraction from 0 to 0.6 based on a DiFelice’s modi-

fied Richardson-Zaki model.

oscillatory data fall near the line fap=0.4, while the chan-

in the lubricated state, and thus described as lubricated. THeling and fluidized bed flows correspond to somewhat
lubricated data in the 90° geometry differed from the otherfower values. These solid fractions represent average values

data, which may be associated with the stagnant region alorlg the region near the orifice of the hopper. It should also be
the sidewalls and above the orifice. The channeling data o€MPhasized that the designations of the flow types are based
curred ford/D’ ~0.1 and 10'<Ar<10® and for smaller ©n Visual observations of the flow, except for the data in the

values ofd/D’ for Ar<1. 2D hopper in which the pressure variations were also used to

For a single-particle falling in a quiescent fluid, the ter- ¢lassify the data. _ _ .
minal Reynolds numbeiRe =pdwi/ 1 with w; as the termi- Figure 11 presents thg nonqllmensmnal discharge rates
nal velocity for a single particlecan be defined from a bal- for dry and lubricated flowsgincluding all of the data shown

ance of gravitational and buoyancy forces to drag forces, antf Fi9- 6 as a function ofN, the single-particle terminal
is calculated from the following equation: velocity scaled by the characteristic hopper discharge veloc-

ity,
Cq R& = 2Ar, (3)

N=wy/[g(1 - pi/p)D' T (4)
in which the analytical form of the drag coefficie@}; de- . . .
pends nonlinearly on the Reynolds number. Empirical relal 0" values ofN greater thar_1 10, the nondlmensmnal. dis-
e(}harge rates are close to unity. Asdrops below 10, which
ludes dry data, the discharge rates decrease. Note as

shown in Fig. 9 for a large value of Re, the terminal velocity

=24/Re. Figure 10 shows the results of the exit ReynoldsOf a bed_of mate”?' a¢:0'§ IS appro_xmately one-tenth of
number as a function of the terminal Reynolds number for aIFhe t_ermlng! veloqty of a single p_arUcIe. Hence, Mk 10
of the experimentsexcept the dry daja The results show the _mterstmal fluid affects the discharge rate bec_:quse the
that the exit Reynolds number is less than the value of thgamcles cannot accelerate as they fall from the orifice.
terminal Reynolds number for a single particle with the ex-
ception of the 0.47 mm lead particles in the 100 cP fluid in
which the discharge Reynolds number is approximately  Although the discharge rates are steady, the correspond-
equal to the terminal Reynolds number. This exception reing measured total pressure varied during the measurement
sults from circulation currents set up by the channeling. Parperiod. For some experiments, such as the dry and lubricated
ticle settling speeds have been observed that are faster thflows, it was possible to define an average value with varia-
the terminal velocity in enhanced sedimentation stuflies. tions about the mean. For other flows, such as channeling
The settling velocity of a bed of particles can be relatedflows, the pressure varied continuously during the discharge
to the terminal velocity of a single particle and the bed solidperiod.
fraction using the classic Richardson-Zakbrrelation with Initially the material was in the lower hopper and the
modifications as presented by DiFelit&he lines shown in transducers recorded the pressures for static conditions, as
Fig. 10 indicate the calculated settling Reynolds number foshown in Fig. 12 for 6 mm glass beads in air. The data ac-
solid fraction from 0 to 0.6 as a function of the single- quisition was started before the hourglass was flipped and
particle terminal Reynolds numbeFor the lubricated flows pressures were recorded until the upper hopper had emptied.
at the highest values of Récorresponding to the largest In all of the dry flows, the fluid pressures were too small to
values of A, the experimental data correspond closest to thde recorded by FPO, FP1, and FP2. The total pressures re-
line for a solid fraction betweerp=0.4 and $=0.5. The corded by TP1 and TP2 showed large variations about a

can be found in the literature, such as the relations suggest
by Clift, Grace and Webét; note for Stokes flow,Cy

B. Pressure variations
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FIG. 12. The measured pressure as a function of time for TP1 and TP2 fdrlG. 13. The measured pressyf0, TP1, FP1, TP2, and FP&s a func-

6 mm glass beads in air. The solid lines indicate the averaged values overtn of time for 6 mm glass beads in watgubricated. Initially the trans-
given time period. Initially the transducers are in the lower bin of the hour-ducers are in the lower bin of the hourglass and particulate material covers
glass; hence TP2 gives an initial nonzero value of the pressure. both TP1 and TP2; the final pressure distributions are hydrostatic.

mean value with an initial and final transient period. Thematerial and whether the material is in an active or passive
transient periOdS were neglected in CaICUIating average Vall@ate. Using the relation between the Stresses(aq:an be

of the stresses. The average and standard deviations gfflegrated subject to the condition that the stress is zero at
given in Table | for both TP1 and TP2. The values of the TP2he free surface. When the material is in a passive state, the
during flow are smaller than under static conditions. ThiSstreSS can reach |ts asymptotic Va'ue W|thmh2|n the ac-
result may be due to changes during flow, but may also bgye state the asymptotic value may be reachedDi. 5For

due to the reduced he|ght Of material abOVe the |Ocati0n Ofarge Va'ues Ot, the Wa” Shear Stresﬁ\l Supports the We|ght

the pressure transducer, as explained below. of the particles. Using the asymptotic form of E&), the
The analysis by Neddermbpresents a balance of forces wall friction angle is written as

in an elemental section of a bunker of constant cross- B

sectional area. Using,, as the mean stress along the axis of  ~w = Dnpud/ (407). (6)

the bunker, ana as the distance from the free surface into For the 2D hourglass, the hydraulic diameter of the bin sec-
the bunker, the variation ofr, in the z direction is found  tjon is 6.8 cm. Using the measured values of the normal
from the difference between the specific weight of the matestresg TP2) (where TP is total pressurehen the material is

rial and the shear stress at the wall, in the lower bin, the values for the friction factor were cal-
D}, do, Dy, culated using a stagnant solid fraction of 0.58. The values of
2 dz w7, oY (5)  the friction factor range from 0.18 to 0.21, and are listed

along with TP2 in Table | for the different glass and steel
The wall shear stress is equated to the friction factor and thparticles.
averaged normal stress at the walk u,,0,,. An additional In lubricated flows, the variations in the measured pres-
assumption is also made that the ratio of the stresses issures are similar to those found for dry flows, but the mag-
constantK =g,/ 0, The value ofK depends on the type of nitude of the fluctuations are reduced, as shown in Fig. 13 for

TABLE |. Friction factor and averaged stresg&®a under stagnant and flowing conditions in the 2D hour-

glass.

3 mm glass 4 mm glass 6 mm glass 1.4 mm steel

Dry
Friction factor, u, 0.18 0.18 0.19 0.21
TP2, stagnant 1.34 1.34 1.30 3.62
TP2, discharge 0.94+0.32 0.90£0.50 0.81+0.56 1.76+1.25
TP1, discharge 1.54+0.51 1.41+0.72 1.55+1.0 3.28+0.50
With water

Friction factor, u,, 0.16 0.15 0.15 0.19
EP2, stagnant 0.88 0.95 0.97 3.49
EP2, discharge 0.29+0.16 0.54+0.28 0.47+0.24 0.96+0.48
EP1, discharge 0.65+0.21 0.72+0.29 0.78+0.50 1.96+0.35
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6 mm glass spheres in water. Once the particles pass tHéBLE II. Comparison between measured pressure drops in water lubri-

transducers, the total pressure remains at the value of tfféted flow and pressure drop predictions using Ergun’s equation using solid

. s . . ractions of 0.56, 0.58, and 0.60.
fluid pressure. At the orifice, the fluid pressyF*0 remains

near the hydrostatic level indicating that the hc_)urglass walls, MeasuredkPa) Calculated(kPa
and not flu_ld drag, support the granular material. _ Dia. (mm) EPO-FP2 0.56 0.58 0.60
Following the effective stress concept from soil
mechanic¥ o, can also be defined from the difference be- 3 21 1.8 23 2.6
tween the total stress,,, and the fluid pressurg;: 4 19 13 17 19
6 1.6 1.3 1.6 1.8
Oetf = Otor ~ Ps. (7)

The values of the effective stredsP1 and EPRduring flow

and the value under static conditioEP2 are given in D . .
Table I. The table also includes the friction factor using theslmpllfled if the solid fraction is assumed to be constant. For

definition given in Eq(5). For this calculation the bulk den- the measured mass flow rate, values of the calculated pres-

sity is taken as the relative density of the solid phase sure difference from the orifice to position 2 are given in
- b(pe—py). Calculated in this way, the effective friction fa,c— Table Il for the experiments in the 2D hourglass using glass

tor ranges from 0.15 to 0.19, which is slightly smaller thanb?ads and water. The measured pressure differences are also

found for dry flow. For all of the static experiments the val- given. In the calculations the solid fraction is assumed to be

. : nstant at 0.56, 0.58, and 0.60. There is good correspon-
ues of the effective stress at location 2 were less than foun .
- o . ence between the measured and calculated pressure differ-
under dry conditions. Similarly, when the material was flow-

ing the effective stresses and the stress fluctuations at bO&nC?rige?Z;%rSeSt.races for the oscillatory flow are shown in
locations were reduced as compared with the dry values. Pa|Et b M

; -Fig. 14 for 1.4 mm steel particle in water. Clearly, these
of the decrease may be due to the decrease in the relatl\{e . :
races differ from those for lubricated flows. The pressures

bulk density; in addition, the siresses are affected by th(f:'neasured at the orifice and at position 1 show an average

changes in the flow structure. oo i
During flow, the difference between the fluid pressuresdecrease over time indicating that both the upward fluid flow

(such as FPO-FR1s a result of the hydrostatic gradient, the and the walls support the mass of the particles. In addition,

pressure drop associated with flow within the packed be dthere are large-scale pressure fluctuations in the fluid due to

and the pressure drop associated with drag along the bounﬁ}e motion of th_e bubblesee Fig. 3. At first the partlcles_ n
. : . : e hopper are in a close-contact state and the bubble is at the
ing walls. The latter term is often neglected in flows in po-

. . . . .kower edge of the orifice, FPO, FP1, and TP1 are at a local
rous media as compared with the particle drag; however, it . - : .
minimum and the interface location at the upper surface

may be significant n relatively porous Peds. The pressur%hows a slight decrease in solids flow rate. The rising bubble
difference can be estimated from Ergun’s equation for flow

. ! ) . oo T of fluid passes the pressure transducer, corresponding to an
in a stationary porous medium, including inertial effetts. oooE .
. . increase in fluid pressure and a break up of particles from the
Hence, the pressure gradient due to flow around the particles : S . .
ridged state with a slight increase in solids flow rate. How-
can be calculated as : 2 . .
ever, as the solids fraction increases, less fluid can pass in the
dP  150¢%uwss  1.75ppsWigWid opposite direction, resulting in a subsequent drop in fluid

dz = (1 - ¢)°d? + (1-¢%d (8 pressure and the beginning of the next cycle. Note that the

where ¢ is the solid fraction, andvi is the superficial ve-
locity difference between particles and flufad;s=w;—wy), 15
which is found from the bulk fluid volumetric flow rate in a
stationary-particle frame of reference divided by the channel
cross-sectional area. For an incompressible countercurren 10}
flow, the superficial velocities of the interstitial fluigi and
speed of the solid particleg; are related through the follow-
ing volumetric flow equation:

PWs = = (1 = )Wy (9)

Since the flow is assumed to be one-dimensional, the super- 0}
ficial velocity difference is given by;;=-wi/(1-¢). In a
region of variable are#d(z), Ergun’s equation can be inte-

Pressure (kPa)
N

grated allowing for the fluid or solid velocity to vary with -50 1‘0 2‘0 3'0 20
positionwg(z) assuming an incompressible liquid, Time (sec)
W5¢A|Z: W5¢A|Zz’ (10) FIG. 14. The measured pressyFP0, TP1, FP1, TP2, and FP&s a func-

L . tion of time for 1.4 mm steel shot in watéoscillatory). Initially the trans-
where z, indicates the values of the velocity and area atg,cers are in the lower bin of the hourglass and particulate material covers

measurement location 2. Note that the calculation is greatlyoth TP1 and TP2; the final pressure distributions are hydrostatic.
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FIG. 15. The measured pressyFP0, TP1, FP1, TP2, and FP&s a func- FIG. 16. The measured pressyfP0, TP1, FP1, TP2, and FP&s a func-

tion of time for 1.4 mm steel shot in 20 cP water-glycerin mixt(ftaid- tion of time for 3 mm glass spheres in 96 cP water-glycerin mixtahan-
ized). Initially the transducers are in the lower bin of the hourglass andneling). Initially the transducers are in the lower bin of the hourglass and
particulate material covers both TP1 and TP2; the final pressure distributionsarticulate material covers both TP1 and TP2; the final pressure distributions
are hydrostatic. are hydrostatic.

sensor at location 1 is within the fluidization region. The mit much stress to the walls. The fluid pressure measured at
difference in the fluid pressures, FPO and FP1 is 3 kPahe orifice shows a slight increase and then a decrease over
which is approximately equal to hydrostatic pressure of thehe discharge period as the weight of the material in the
suspended material, FPO-FHAMps+(1-¢)psld(z0-21),  upper part of the hourglass decreases.

assuming that=0.5. At position 2, the fluid and total pres-

sures show oscillations, but the average value does nda. Overall flow map

change during the time when the material is above the sensor _. : . .
; R o Figure 17 presents a flow map in terms of the size ratio
location. Hence, the material is expected to remain in a

acked state in the upoer region. Althouah the pressures Vag_/D’ and the velocity ratidN including flows and flows with
P bp gion. 9 b an interstitial liquid for the 15° and 30° hourglasses, the data

ied over time, it was possible to calculate an effective stress . . ,
. . : oint corresponding to the world’s largest hourglass, the data
at positions 1 and 2. These values are given in Table I, anﬁ

. 2 .
the scaling of these stresses is similar to that found in th?r)(.)m ”)F experiments by Weet gl. and from Veje and

. : imon.” As shown in earlier sections, the data from the 2D
lubricated regime.

In fluidized flows, such as shown in Fig. 15 for the and the 90° hourglasses follow similar trends, but are not

1.4 mm steel shot in a water-glycerin mixture, the fluid andshown here because the geometries in the other studies cor-

total pressure decreases with time at the orifice and at locé_espond more closely with the 157 and 30° hourglasses.

tions 1 and 2. The total pressure at positio(TP1) shows a
linear decrease with time that follows the decrease in the
height of the bed. After the initial transient, the fluid and total 10° T T T

pressure at location 1 and 2 decrease with the height of No flow

granular material until the material passes the instrumenta-

tion location. However at location 1, the total pressure de- — e e e e = = =
creases at a rate that is faster than that of the fluid and so the F'“'deg"g" . B 6660 Japany ' o
effective stress decreases with the height of the bed. Hence. , lubricated | ¢
particles transmit some vertical stress to the sidewalls in thisg 10 o mo e DOo0o & ° xa O
section of the hopper. As shown in Fig. 4, the upward fluid channeling J— ‘s"ol

flow is concentrated in a jet near the orifice and cannot fully s &‘ Granular
fluidize particles near the transducer that is located some nmi;.z;d*;e: & $ 4390 il flow
distance from the orifice. At location 2, where upward fluid go& ooupledl

flow has become more uniformly distributed there is only a &

. : -2
small difference between the fluid and total pressure traces 101 0°
indicating that the particles do not transmit much stress to

the walls because they are almost fully fluidized.

In channeling flows, the total pressure tracks the fluidriG. 17. Flow map of a discharging hourglass in terms of the ratio of the
pressure, as shown in Fig. 16 for 3 mm glass spheres in tarminal velocity to the hopper discharge velocity as a functiod/f’. The

_ ; ; ; e ; _points include the data for the 15° and 30° geometries, as well as data
water-glycerin mixture. Except during the initial transient af corresponding to the world’s largest hourglé3apan, the ticking hourglass

ter the hourglass is inverted, the effective stress at both pPQgudy by wuet al. (gray filled), and from the study by Veje and Dimon

sitions is negligible suggesting that the particles do not transablack filled).

10" 10° 10' 10°
N = Terminal Velocity / Hopper Velocity
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The data are divided into three main regions: no flow,  These flows are classified using the nondimensional pa-
steady granular flow without interstitial fluid effects, and rameterN, a ratio of the single-particle terminal velocity to
flows in which the discharge rate is reduced because of inthe granular discharge velocity, and the ratio of the particle
terstitial fluid effects. The no-flow data, resulting from arch- diameter to the effective length of the orificBD’. When
ing of particles across the orifice, occurred whenever théN>10 (a single particle falls rapidly through the fluid com-
orifice opening was smaller than 5.5 particle diametergared with the hopper discharge spgedte interstitial fluid
(d/D’>0.25 for the largest particlgsveje and Dimofiob-  effects are negligible and the discharge rate can be estimated
served that arching occurred for particles of 0.7 mm diamusing the characteristic hopper discharge speed. As the ter-
eter, which corresponds witl/ D’ =0.32 usingk=1.1. Even  minal velocity of the particle decreasgsither by increasing
with an interstitial liquid, arching occurred for the same val-the fluid viscosity or by decreasing the absolute magnitude of
ues ofd/D’ as in a dry flow. the density difference between the fluid and the paiticle

The granular flow region corresponds to flows in whichinterstitial fluid effects increase and give rise to a variety of
the interstitial fluid does not affect the discharge rate, whichflow patterns that depend on flow geometry. In lubricated
includes data from this study as well as a single data pointiows, where interstitial fluid effects are moderate, a modified
from the study by Veje and Dimd8rin which the flow main-  Richardson-Zaki correlation can be used to find the reduction
tained a constant discharge rate regardless of whether tlie discharge rate compared to when interstitial fluid effects
upper hopper was open or closed to the atmosphere. Thae negligible assuming a solid fraction near 0.5. For fluid-
dividing line between the granular flow regime and the fluidized and channeling flows, the modified Richardson-Zaki
influenced regime occurs bit=10 as described in the context correlation is less appropriate; however, the discharge speeds
of Fig. 11. can be estimated using a solid fraction near 0.3.

For the flows affected by the presence of the interstitial  Besides the visual observations of the discharge patterns,
fluid, the map identifies the flow regime that was visuallythe pressure measurements show that in the lubricated flow
observed. For the data presented in this study, steady airegime, Ergun’s equation gives an adequate description of
coupled flow occurred foN=10; the flow became oscilla- the pressure variation through the granular material. Using
tory atN=1. The Japanese hourglass is viewed as a steadje concept of an effective stress for lubricated flows, a fric-
air coupled (d/D’'=0.2;N=10) since the gas pressure tion factor can be defined that is slightly lowgs, =~ 0.16)
within the hourglass controls the flow. FoIN<10, Wuet  than found in a dry granular mediutp,,~0.19. Hence, in
al.? and Veje and Dimchfound unsteady air-coupled behav- a lubricated flow the weight of the particles is supported by
ior. In this flow regime, surface roughness and shape of théhe sidewalls. For the fluidized and channeling flows, the
particles affects the local permeability and unsteady flowsidewalls do not support the weight of the bed; as a result the
characteristics of the mediufrwhich results in some vari- fluid and effective wall stresses continually vary as the ma-
ability in the classification of the regimes. terials are discharged.

The map also identifies the lubricated, channeling, and It should be noted that Ergun’s equation and the drag
fluidized flows but does not contain firm boundaries becauseorrelations used are experimental relations and not rigorous
of the dependence on hourglass geometry.Nrerl and for  theoretical derivations. It is to be expected for the predictions
the largest particle diamete¢sote the value oD’ does not based on those models to only be accurate for conditions
vary significantly in the experimenjsthe flows were lubri-  similar to those for which the relations were obtained. Fur-
cated. As the particle diameter decreased creating a less péer modeling of solid-liquid flows is currently underway.
meable bed, the flow formed channels along the sidewalls
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