PHYSICS OF FLUIDS VOLUME 15, NUMBER 11 NOVEMBER 2003

Intermittent dry granular flow in a vertical pipe
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The intermittent compact flow of glass beads in a vertical glass pipe of small diameter is studied
experimentally by combining particle fraction, pressure, and air, and grain flow rates measurements
with a spatiotemporal analysis of the flow. At the onset of the flow, a decompaction front is observed
to propagate from the bottom to the top of the tube at a velocity much larger than that of the grains.
The blockage front also propagates upward and at a still higher velocity. The decompaction induces
a decreasing pressure wave strongly amplified as it propagates upward toward the top of the tube.
Pressure variations of 3000 Pa or more are detected in this region while particle fraction variations
are of the order of 0.02. Grain velocities during the flow period also increase strongly at the top of
the tube while the corresponding fraction of total time decreases. A one-dimensional numerical
model based on a simple relation between the effective acceleration of the grains and the particle
fraction variations reproduces the amplification effect and provides predictions for its dependence
on the permeability of the packing. @003 American Institute of Physics.
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I. INTRODUCTION moving bed flows, Cheret all® use the classical Janssen
Dry particle flows driven by gravityas in emptyin theory'*? to estimate friction forces on the walls from the
y P y 9 PyIng relation between the vertical component of the stress tensor

hoppers or silgs or by a gas current(iin pneumatic . . . .
transport) are encountered in many industrial processes'.ne:leoiri'; F\)/\?glll(smg and the horizontal normal stress compo-

Modeling such flows represents a challenging fundamentd! . .
g b ging The present work deals with intermittent compact flows

problem since they involve complex interactions of moving f arains | tical tube of Il di ter. In thi th
grains with the surrounding air, bounding walls, and other©' grains in a vertical tube ot small diameter. In this case, the

grains. Various flow regimes may be observed in these syé_garticle fraction is very close to that of a static random pack-

tems according to the spatial distribution of the particle con"9 Of particles, and the solid friction between particles and

centration and velocity field. Examples of such regimes in\VallS is always important. The objective of this study is to

clude the free fall of particles at high velocities and low 2nalyze the spatiotemporal characteristics of the onset and
particle fractions, slow compact flows with high particle bIocI_<age of such |nterm|ttent flows._ Of spec_lal interest is the
fractions, and density waves in which compact and dilutd€lation between air pressure, particle fraction and grain ve-
zones alternatt These particle flows may be stationgig ~ l0cities, and the manner in which variations of these quanti-
this case, particles—or density waves—propagate at a cories are amplified as they propagate along the flow tube.
stant mean velociyor display oscillations, stick-slip mo- A similar flow regime is encountered in the “ticking
tions, intermittency, or blockage effects. Such nonstationarihourglass” experimerit ' corresponding to a periodic inter-
ties have been reported in the simultaneous flow of air andnittent granular flow between two closed glass containers
grains in vertical pipes®and are encountered in a variety of connected by a short vertical constriction. In this case, inter-
settings. They represent a significant problem in many largeMittency is believed to be largely due to the buildup of a
scale industrial facilities such as silos or pneumatic transpoieressure difference induced by the grain flow between the
systems: intermittent flows may induce very large, potentwo containersboth because air is dragged downward and
tially destructive, pressure variations. because the empty volume available for air increases with
Several approaches have been suggested to model thédme in the upper container and decreases in the lowey. one
retically granular flows in pipes, each of them being appli-Once the back pressure is sufficiently large to halt flow, it
cable to only a part of the flow regimes. Kinetic theofiés decays due to air flow through the grain packing in the con-
are best suited when the particle fraction is lower than 0.5triction until it is low enough to permit flow. In this experi-
and collisional effects play an important part. In this regime,ment, the key phenomena are localized in a small volume
the time between two successive collisions is large comparedose to the constriction; in particular, static arches of par-
to the duration of the collision. At higher particle fractions, ticles are believed to build up right above it, where transient
grains are in contact with their neighbors a large fraction offractures of the packing are also observed.
the time and friction forces between particles and walls be- In the intermittent compact flow down a long vertical
come significant. Although attempts have been made to adapiibe considered in the present study, the flow intermittency
the kinetic theory to these frictional regimeslifferent ap-  phenomenon is distributed over most of the height of the
proaches have often been used. In their study of compattibe. This allows one to perform simultaneously a large va-
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pressure sensor F
filli - m
O line I R W
air inlet : The hopper is connected to the tube but otherwise closed
and How /™~ hopper except for an air inlet. The volume flow ra@"**of air into
=0 the hopper is measured by an on-line seriitg precision is
+1% at the largest flow ratesAn additional transducer
/ measures the air pressupg inside the hopper. Continuity
capacitance i requires that the inflow of air compensates for the volume of
ticle fract Inear . : X .
e A both air and grains leaving through the vertical tube. There-
\ fore if p, remains constant with tim&}'**is the sum of the
pressure volume flow rates of air and of the grains in the experimental
Sensors tube. The superficial velocity, of air in the tube(volume
flow rate per unit areathus satisfies
adju?tabtle ;neas @)
constriction = —d.
— \7 da="—Rz ~d

scales

Four pressure sensors are placed along the tube at vertical
distances 200, 450, 700, and 950 mm below the outlet of the
FIG. 1. View of the flow experiment. Inset: sketch of the constriction at thehopper. They are connected to the inside of the tube through
bottom end of the pipe. 0.5 mm diameter holes in the tube wall. A fine-meshed grid
is stretched across the holes on the external wall to prevent
grains from entering the sensors. An independent experiment
air and grain flow rates,).at several locations, and so char- ha}s been realized to estimate the pressure drop across the
acterized the variations of the flow with height. High resolu-grld and th_e portholes Qur|ng typical pressure transients en-
countered in the intermittent flows. Due to the low dead vol-

tion spatiotemporal diagrams of particle motions along the fthe t duce®3 ul). th di th
tube are also obtained and allow for the characterization of "€ ©' the trans uce M ), the corresponding error on the
ressure measurement is less than 10 Pa for the fastest tran-

ropagation of the onset and blockage of the grain flowP! o
glor?ggthe tube length g 9 sients: this will be seen below to be much smaller than the
In Sec. I, we describe the experimental setup and propresLsurelto be mea?ulre(}l. . i i tub "
cedure. Then, in Sec. Ill, the qualitative characteristics of the oca me:nb par 'C? rta_c I(I)n Va”‘"‘.t'O”S In tube sec 'Ontf’N
compact intermittent flows are described, and quantita‘tivélre measured by an electrical capacilance sensor using two

data and estimates of air pressure, particle fraction, and fIO\ﬁh'e.lded 3 mm diameter cylindrical glectrodes pressed
§gainst the outside tube walls and facing each other. The

priate volume and mass conservation equations and theReSOr 1S contm;,\cted to aGdefslzokcgpzuttantce b('[tth{ngGZSO

bearing on the experimental results. The various forces acfl'¢aSureémen requencand a lock-in detector with a

ing on the grains and the manner in which they may inducd*s time constant. The noise level is of order $QF, which

intermittency are discussed in Sec. V. The equations of mo(_:orresponds to particle fraction variations of order 10
In order to test the device, an air—grain interface was

tion are then written and solved numerically in order to
model the spatial variations of pressure, particle fraction, an?nove_d through the sensor an_d the output_was recorded as a
grain velocities. unctlor) of the location of the mterface. This allowed one to
determine that the measurement is averaged over a slice of
the sample of typical thickness 2 mm parallel to the tube
axis. The variation of the dc output with the particle fraction
The granular flow takes place in a vertical glass tube ofs assumed to be linear and the probes are calibrated by com-
radiusR=(1.5£0.025) mm and length=1.25 m(Fig. 1). = paring readings obtained with an empty tube and with the
Grains flow from a spherical hopper welded to the top of thesame tube filled with a static bead packing. This assumption
pipe. The bottom end is fitted with a variable constriction,of a linear variation is frequently used in the literature: in the
allowing one to adjust the outflow: this constriction is real- present case, it is particularly justified by the small particle
ized by a cylinder with a conical tip that can be preciselyfraction variations during the experiment and by the random,
moved across the pigsee the inset of Fig.)1The grains are  approximately isotropic structure of the packing. The particle
spherical glass beads of diametea=2(175+=25) um and fraction ¢, Of the static bead packing obtained after filling
density p=(2.50+0.02)1¢ kg m 3. Electronic scales are the tube is assumed to be equal to 0.63: this value corre-
placed below the tube and their output is transmitted to @ponds to arandom close packingf spheres and is fre-
computer at the rate of one sample per second. The masgiently obtained experimentally in similar systems. A direct
flow rate F,, of the grains is then determined from the time measurement o€,,,, has been realized but its precision is
variation of the measured mass. The grain flow rate will bdimited by the small amount of beads in the tube. A slightly
characterized by the mean superficial velogjtsepresenting  lower valuec,,,,=0.61+0.02 was obtainedthis difference
the volume flow rate of grains per unit area with may be due to the small diameter of the tube increasing the

riety of measurementgocal pressures and particle fractions,

Il. EXPERIMENTAL SETUP AND PROCEDURE
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influence of wall effects reducing locally the particle frac- s 0.6 0 t(s) 0.6
tion). In view of the large uncertainty on this measurement, % ' >
the value 0.63 is retained in the following. -

The capacitance measurements can be performed at chc
sen heights by moving the sensors along the tube. The in:
stantaneous outputs of four pressure and capacitance sensc
are digitized simultaneously at a sampling frequency of up to
1 kHz by a Spectral Dynamic8D195 signal analyzer. Time-
averaged values of all pressure, capacitance and flow rate
sensors are also recorded, bttles intervals.

The dynamical properties of the flow are studied from 110
spatiotemporal diagrams constructed from appropriately as-
sembling the output of a digital linear charge coupled device * ™™
(CCD) camera. Light intensity variations along a vertical line
precisely aligned with the tube are recorded at sampling rateSc. 2. Spatiotemporal diagram of the grain flota at the top of the tube
of 500 lines per second with a resolution of up to 2048 pixelg100-110 mm from the hoppei(b) at the bottom of the tub850—-860 mm
(the equivalent pixel size on the tube ranges from 10 to 50@'0m the hc_)pper Each diagram corresponds to a time lapse of 0.6 s and to

. g . a field of view of 10 mm.
um depending on the magnificatiprOne thus obtains two-
dimensional2-D) images in which the axis represents time

while thez axis corresponds to the distance along the tube;qntal scale. The two diagrams were obtained at slightly dif-
ferent times during the same experiment: due to the excellent
Ill. EXPERIMENTAL RESULTS ON THE periodicity of the flow, they are, however, comparable. Time
INTERMITTENT COMPACT FLOW intervals during which grains are at rest in the tube are
marked by horizontal line segments with constant gray lev-
Is; those during which grains are moving down are marked
y inclined striations: the slope of which indicates the grain

<

(a)

The flow regimes are controlled by adjusting the con-
striction at the bottom of the experimental tube. The compacg

flow regime is observed for narrow constrictions, at typlcalvelocity. Starting from rest, the grains first accelerate and

superficial velocities between 0.01 and 0.08 m& Nar- h loci f finall : |
rowing further the bottom constriction leads to a blockage of ach a constant velocity before ina’ly stopping abrgpt Y-
Figures 2a) and 2b) show that the fraction of the total time

the flow while density waves appear at higher flow rates. The, *. : . S
. o . L during which grains are flowing is much larger at the bottom
typical apertures of the constrictionsee Fig. 1, insetin the
. . of the tube than at the top.
compact regime ranges from 1 to 2 mor approximately

from 6 to 12 bead diameterdn all cases, the particle frac- A_quant|tat|ve comparison 1s mad_e in Fig. 3 in which the
o . . urationT; of the flow phase at two different distances from
tion in the compact regime does not differ by more than 0.0

from the particle fractiort, ., in a static packing. he hopper and the periodof the process are displayed as a

Decreasing the relative humidityl of the air down to function of the time average of the superficial velocity T

40% or using “clean beads” with a smooth surface, changeéS the sum of the durations of the flowr{) and static

: Mo . :
significantly the behavior of the grain flow: in this case, aphase$ The time lapsd is 40% lower in the upper section

. L . o than in the lower one; it increases linearly within both
continuous flow of grains is observéis velocity is roughly . .
L . cases, while, on the contrary, the peribdlecreases withy.
constant with time and of the order of a few centimeters pe

: - tiotemporal diagrams al llow one t timat lita-
secondl. In return, for “rougher beads” or relative humidity %pa otemporal diagrams also allow one to estimate qualita

H=50%, the flow is intermittent and may remain blocked

for a large fraction of the time, particularly near the hopper 300
(observations using a SEM microscope display particles with ~-'-~._._'_ ________ -
a size of up to several micrometers at the surface of the 250+ TER----m

“rough beads” with spacings increasing with the size from a

few um up to a few tens ofum). Experiments reported here g 2009
have been performed at a relative humidiy=(55+5)% 150
for which the grain flow is intermittent. At the outlet of the :

constriction, flow is modulated but does not stop completely. 100+ M//r/
The modulation may be periodic, particularly at large flow Mﬂ"‘"’k_
. . 50

rates. In the remainder of the paper, we shall focus on this

latter intermittent compact flowegime. 0

T 2
20 30 40 50 60 70 80x10”

A. Spatiotemporal characteristics of the intermittent 7 (msh

flow

Fiqure 2 displavs two spatiotemporal diagrams of theFIG. 3. The duration of flow phasg;, as a function of the time average
9 play P P g of the superficial velocity, at two different distance$rom the top of the

grain flow over two 10 mm high segments located in the topype:z=250 mm(A) andz=600 mm(A). Global period of the intermittent
and bottom parts of the tube. Time corresponds to the horifow T (m).
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FIG. 4. Mean grain velocity versus mean superficial velocity for z
=250 mm(V, left axi9 andz=600 mm(V, left axis). Displacemen®z of
the grains during a flow period as a functioncpfl, right axisg.

Z (mm)

FIG. 5. Spatiotemporal diagram of the grain flow at distances between 0 and
tively the velocity of the grains in the flow phase from the 50 mm from the hopper at the top of the wbg=(0.07 ms™); the total
slope of the striations. Figure§&® and Zb) show that the time lapse corresponding to the diagram: 0.7 s.
grain speed is much higher at the top of the tube than at the

bottom, as required by mass conservation. The particle fragjme average of the pressure is close to Zatanost 25 Pa
tion c varies little along the tube and the global displacementq, 411 four transducers used for the measurements.
of the particles during one period of the flow must be the e flow has been filmed in the intermittent regime us-
same at all heights. The mean valuef this velocity during ing a 1000 frames per second high-speed camera equipped
the flow phase can be estimated quantitatively from the relay;it analog input channels connected to the pressure trans-
tion ducers. The onset of the flow at a given height is observed to
coincide exactly with the beginning of the pressure drop; the
(3)  transition is less sharp for the blockage since pressure diffu-
sion is still significant, even after the grain flow has stopped.
The region between the two dashed lines in Fig. 6 corre-
sponds to the flow phagéhe lines are drawn, within experi-
early withq. The displacemen#z of the grains during one mental error, between points corresponding to times at which
flow period is equal ta X T and is also plotted in Fig. 4. the flow is observed to start or stogComparing the widths
For large mean flow rates, the instantaneous grain flowgrate of this region in the different curves confirms that the frac-
in the tube exceeds the maximum flow rate from the hopper.
A low particle fractionbubblethus builds up at the top of the

U=

o|l Q|

T
T
The variation ofv with g in both sections of interest is
displayed in Fig. 4: in both cases, increases roughly lin-

tube: it appears as a light zone in the spatiotemporal diagran 1000 ]
of Fig. 5 (the local particle fraction in this bubble may be _1008: )
lower than 0.2 The abrupt initial downward slope of the 2000 IV

contour of the light zone reflects the fast downward motion
of the upper boundary of the compact packing below the
bubble. As soon as the motion of the packing stops, the
bubble gets filled up from the hopper, although at a lower
velocity that decreases with timghis may be due to the
buildup of an adverse pressure gradient between the bubbl
and the hopper

B. Spatial variations of the intermittency effect

Information obtained from the spatiotemporal diagrams

=
&
&

1000

0 J [
-1000 I
22000 I b
T

1000

0/ \ f
-1000

-2000

1000

e R A N N G

are complemented by measurements of the local pressur -1000

variations. Figure 6 displays time recordings of the pressure  -2000 7 | | | | @
variationsépz P—Po measured on four sensors at different 0.0 02 0.4 0.6 0.8 1.0
heightsz from the top @y is the atmospheric pressire £(s)

These curves are nearly periodic; the pressure drops sharpigl ) ) o ) )
G. 6. A time recording of pressure variatiodp at four different dis-

tancesz from the hoppei(from top to bottom,z=200, 450, 700, and 950
mm), for G=0.02ms . Dashed lines correspond to the onset and the

while grains are flowingby up to 3000 Pa near the top of the
tube. Then the pressure increases back almyend decays

slowly (or remains constaptvhile the grains are at rest. The blockage of the flow.
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FIG. 7. Processed spatiotemporal diagram over a 500 mm length of the tube . .
(200 mm<z<700 mm) during one period of the intermittent flow. Light expans'lolr; of the gas, one may compute the velocity of sound
zones correspond to the static phase and the darker region to the flow. v g ngVIQ

2 _ '}’pO
Usound™ pC(l— C) ’

tion of time corresponding to the flow phase increases withn which ¢ andp are the volume fraction and the density of
z. On the contrary, the amplitude of the pressure drop dethe dense phase, is the atmospheric pressure, and
creases wittz. =1.4 for air, which is considered as having negligible den-
The propagation of the onset and blockage of the flowsity. This amounts to considering the air—grain system as a
were studied more precisely on spatiotemporal diagrams of hRomogeneous mixture of both high compressibility and den-
500 mm high region of the tub@=ig. 7). The diagram has sity resulting in a low sound velocity. Takingto be equal to
been processed by subtracting each linear image from thithe density of the grains armzito the mean particle fraction
next one to detect more precisely the onset and blockage @=0.615 leads ta ¢, 15 ms !, which is indeed of the
the flow. Domains corresponding to the static phase have arder of the valudvy|=11 ms! deduced experimentally
light shadeg(the difference is not zero because of the noise 0f0.615 represents a typical value of the average particle frac-
the camera and the fluctuations of the illuminajiofhe do-  tion as estimated from the measurements displayed in Fig. 10
main associated with the flow phase is globally dartke  later, assuming, as above, thegf,,=0.63).
fluctuations of the gray levels are large because one subtracts Data points from the four curves in Fig. 6 together with
specular reflections of light on the beads varying very muchihe boundary conditions= p, at both ends of the tube pro-
during the motioin The velocity|vy]| for the onset of the vide the overall shape of the pressure profile along the tube.
flow corresponds to the slope of the left boundary in Fig. 7:The spatial variation obp=p— p, at several different times
it was roughly constant in that experiment but decreaseduring one same period of variation of the flow within the
slightly with distance in others. The velocity, for the  periodic sequence of Fig. 6 is displayed in Fig. 9. The thick
blockage is given by the slope of the right boundéayer-  solid line in Fig. 9a) corresponds to the static phase. A pres-
aged along the tubeand is lower thanvy|. Both the onset sure maximum subsists in the central part of the tube from
and the blockage propagate upward. The variationsgf  the previous flow cycle and the associated pressure gradients
and|v 4| with q are plotted in Fig. 8. The velocity | for  drive air toward both ends of the tube through the motionless
the blockage increases linearly wiihand ranges between 20 packing. When flow is initiated, a low pressure zone appears
and 60 ms?. This variation will be discussed in Sec. IVA. at the bottom of the tube where grains are moving, and
On the contrary, the velocity 4| of the location of the onset propagates upward. The amplitude of the pressure minimum
of the grain flow(decompaction frontis independent of the increases strongly during this propagation. This amplification
mean superficial velocity and is of the order of 11 M.s effect is discussed below in Sec. V. After the pressure mini-
This implies that the decompaction process is independent ashum has reached the top of the tube, pressure starts to in-
the downward structure of the flow and of the width of thecrease agaifiFig. 9b)]. At first, the local particle fraction
constriction. reaches a minimum and the expansion of the gas stops. Then,
This velocity value may be related to the velocity of when the granular flow stops in the tulfest at the bottomn
sound in two-phase systems with a large density and conthe particle fraction reverts back to its static value. Thus, air
pressibility contrast between the two phasggater—air gets compressed above the atmospheric pressure since some
bubbles for instangeln this case, by assuming an isentropic additional air has leaked between the grains during the flow

4
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FIG. 10. Time recordings of the pressure deviatiépsand particle fraction
¢ variations(at z= 200 mm) and of the measured airflow r@&°**into the
hopper.Q**is defined as positive for air flowing downward. The dashed

line corresponds to the onset of the flow.

3p (Pa)

The variations of the particle fractiamand pressurép
at a fixed height, and of the flu@"***of air into the hopper
are displayed in Fig. 10. Variations of the local particle frac-
00 02 04 06 08 10 12 tion ¢ associated with the onset and blockage of the flow are
z (m) only of the order of 0.015 in the present example and were
- - . never higher than 0.02. Moreover, these variations are evi-
FIG. 9. Pressure deviatiorsp=p—p,) variations with distance along the dentl h ith th fthe | | ia th
tube for several measurement times, for a mean superficial velgcity en_y Synchronous wi ose of the local pressuine the .
—0.02ms™. (a) A solid line obtained during the static phasetatos.  flowing phase. Note the slow pressure decay when the grains
Dashed lines are profiles obtained at various times during the flowing phas@re at rest. The amplitudes of the variationscofind Sp
f=l?hms,é=3l ms, t=62 msvt_:ﬂ?‘ti_;‘;)t;hlog ”I?jll_a"d:bt133 ’:s(das?h decrease, while their duration increases with distance from
engtnh ana spacing increase wi 1 € solid line obtained near the s . .
end of the flowing phase &t 133 ms. Dashed lines are profiles obtained at the hopper. In aqdl_tlon to demonstrate this Cl,os_e correlation
various timest=141 ms,t=148 ms,t=156 ms,t=172 ms,t=211 ms,t _between the varlathns g andc, our StUd){ |nd|c§tes an
=266 ms(dash length and spacing increase with time increase of the amplitude of theevariations with the instan-
taneous grain velocities.
The time recording ofQ1"***indicates a strong increase

period [See, for instance, the curve Correspondingtto of the downward airflow rate during the flow phase. This
=172 ms in F|g g))] Fina”y, the pressure prof”e a|ong the increase reflects the entrainment of air by the granular flow
static packing relaxes back to its initial distribution at the@nd the compensation of the volume of grains leaving the

beginning of the flow phase and a new flow cycle may starhopper by the inflow of air. The variation 7*“is slightly

again. delayed relative to those @f andc since a time is required
Note that when the intermittent flow regime does notfor the grain flow to propagate to the top of the tube and into

appear spontaneously, it can also be triggered externally bje hopper. A transient upward gas flo@J°*%0) is ob-

periodic injections and suctions of air close to the constricServed after grains stop moving in the upper part of the tube,

tion at a frequency comparable to that of the natural oscillacorresponding to air being expelled through the grain pack-

tions. The other characteristics of the flow such as the amng.

plification of pressure and particle fraction variations as they

propagate upward are the same as in the spontaneous inter-
mittent flow regime. IV. QUANTITATIVE ANALYSIS OF THE INTERMITTENT

FLOW COMPONENTS

C. Particle fraction and flow rate variations A. Conservation equations for air and grains

Spatiotemporal diagrams have allowed us to identify  In the following,z=0 corresponds to the top of the tube
granular motions in the various phases of the intermittencyand the coordinate increases downward. Downflow is de-
process; their relation with the spatial distribution of thefined as being positivez(z,t) andu(z,t) are, respectively,
pressuredp has also been analyzed. We proceed by discusshe grain and air velocitieGveraged over the flow sectipn
ing flow rate and particle fraction measurements that providén the laboratory frame at a tinteand a distance from the
additional information on the flow structure. hopper. They are related to the superficial velocitiés,t)
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and q,(z,t) and to the local particle fraction(z,t) (also
averaged over a flow sectipby the relations:

gq=cv, (5 <. 0.15
=
Ja=(1-cju. (6) ~

The superficial velocity of the grains is related to the varia- % 0.10

tion of ¢ with time by the volume conservation equation: -
Jc daq Jv Jc =s 0.05 -
= e, = (S
oz Caz Yoz @

A similar relation can be written for the mass flux of ajg.,

(p4 being its density. 0.00 4 T T T
p p 0.00 0.05 0.10 0.15
ilpa(1=0)]=— —(padla)- ®) q/¢ (msh
ot Pa 9z Pala

o . . FIG. 11. The average inflow of air as a functiongt.
Assume that the variations of the gas pressure are isentropic

so that
P Po
— = ——=const, 9 Kadp ¢
Py Pay ® Qa:—a5+g(1—c)- (13

(Po is the atmospheric pressurg,  the air density apo,  Equations(7), (10), and(13) can be combined to yield

and y=1.4). Then Eq(8) becomes
ap p  yp a°p

gc_(1-c)dp 9,  Ga Ip e UE_(l—c)E+D?’ (14
—= —t et — . (10

ot Yo 9t dz  yp iz

! - _ i __in which the coefficienD satisfies
A first prediction provided by mass conservation conditions

is the velocityv s at which the blockage front moves up the D= YpK
tube. We definec,,,, to be the particle fraction in the static (1-0) 7,

column andc™ andv ™ the particle fraction and grain veloc- )
ity right above the front. Here,; is obtained by expressing [the 5390”d order te"le./(yp)](&p/&z) has been ne-
glected in Eq.(14)]. Considering locally the system as a

the conservation of mass of the grains in a slice of thicknes . : ] -
5z while the front moves from the bottom to the top of the Packing of spherical beads of diametgrthe permeabilityK
of the grains can be estimated from the Carman—Kozeny

slice: _
relation:
+

v C
— (1D _(1-od?
s R

(15

+

|Ubf|: (16)

Sincev ™ increases linearly with the superficial velocity ) .
Eq. (11) implies therefore thaty,,| should also increase lin- N the following, we assume that to leading orde#; p, and

early withg. This agrees with the trend displayed in Fig. 8. ¢=C, so thatD andK are constants.

Using the experimental values of , ¢*, andc,,,, provides The average o> over a flow period is determined
an order of magnitude afy (Jui{=20 ms %), whichisina by plotting the time-averaged value @f'***as a function of
good agreement with that obtained in Fig. 8. the ratiog/c in Fig. 11 (this amounts to assuming that the
mean grain velocity is equal /¢, which is approximately
B. Relative magnitude of air flow components verified due to the small relative variations ofin these

; ; ; ; mea 2
Another issue regarding the flow of air through the Sys_experlment}s Volume conservation implies thad™7 =R

tem is the relative importance of the passive drag of air b)f’md the sung + g, of the volume flow rates of air and grains

the moving grains and of the permeation of air through the™'© equa[see Eq(2)]. Using Eq.(13), this leads to

grain packing. The first flow component is equal 461 Ws g
—c)/c and the second is assumed to be related to the pres- —— =q+q,= g2+ =. (17)
sure gradient by Darcy’s equation: 7R ¢
K ap Experimentally, the variation d®}***with g/c is linear with
qRa=— 9z (12 a slope equal to £0.02 in Fig. 11. These results indicate
a

that the time average af;*® is negligible within experi-
where, is the viscosity of air an€&k the permeability of the mental error, although its instantaneous value is nonzero. The
grain packing. The superficial velocity, of air is then given  relative motion of air and of the grains is therefore signifi-
by cant only during transient flow.
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Experimentally, the particle fraction varies from 0.605 to
0.625; the permeabilit)k computed from Eq(16) ranges
therefore from 2% 10 % to 29x10 ¥ m~2. Taking 7,
=1.85<10"° m?s !, p,=10° Pa and a mean value &
(K=26x10"m?), one obtainsD=0.5nfs ' The
characteristic diffusion distance during the peribe0.25 s
of the intermittent flow isyDT=0.35 m, which is compa-
rable to the length over which pressure fluctuations diffuse.
During the onset of the flow that takes place over a shorter
time (a few hundredths of a secondhe diffusion of the
pressure variations is sufficiently small for E{.8) to be
approximately valid. One thus concludes that the permeabil-
T T ity of the grain packing is high enough to allow for relative
0.605 0.610 0.615 motions between the air and the grains during the flow
¢ phase; but too low to allow for a global mean flow of air
FIG. 12. Pressure versus particle fraction variations during ten cycles of théhrough the packing. In the previous computation, the initial
ir}t(ter:mitterr\]/t f.kzzv. Arrr(;yvslincrilicate thr(: direc;t(ijontoftthhe \1ariati:)n onrearcr|1 pa:_t e]article fraction of the static packing is taken equaktg,
?hrouegﬁuth: Im0(;ovrflelscsagfaiﬁs[(?agﬁin(;?qge Iiw?er sifti?)\:lv lc)o(;)rsessupgn(‘;‘sat):)atlr?e:_ 0.63. As;ume that wall effects redu,ce this vglue '[0.0.61, as
onset of the flow and the upper one to the blockage of the flow. The dashe@liSCussed in Sec. I, so that the particle fraction varies from
line has the theoretical slopgpg/(1—TC). 0.585 to 0.605 during a flow cycle. The mean corresponding
value ofK is 32x10 ¥ m™2 so thatD would increase to
=0.6 n?s ! and remain of the same order of magnitude as
for ¢pa=0.63.
Our experiments suggest that the intermittent flows re-
The dynamical properties of the system are largely desult from the amplification of pressure and velocity fluctua-
termined by spatial and temporal variations of the air prestions appearing spontaneously or induced in the constriction
sure. We first assume that variations of dengityare only  at the bottom of the tube. One expects the period of the
due to those of the local particle fraction This amounts to  intermittency to be determined by the characteristics of the
neglecting the permeation of air relative to the grains. Thenflow over the full length of the tube and not just at the con-
d0a/dz and [g,/(yp)]dp/dz are equal to zero, in which striction. The period of the flow is of the order of the char-
case Eq(10) becomes acteristic diffusion time of air over a distance of half of the
tube length. This diffusion time represents the order of mag-
nitude of the time necessary for pressure perturbations in-
duced during the flow period to relax before flow is reiniti-
ated. It may thus be closely related to the duration of the
(p andc are replaced by, andc within a first-order ap- static phase of the periodic flow.
proximation. This relation is tested in Fig. 12 by plotting
pressure variations as a function of particle fraction varia-
tions: for variations small compared to the mean value, dat§ \iODELING OF THE INTERMITTENT ELOW
points should be located on the dashed line of slope
vpo/(1—Cc) shown in Fig. 12. The two parameters are In this section, the amplification of the decompaction
clearly strongly correlated and the slope of the curves has th@ave as it propagates toward the top of the flow tube is
right order of magnitude in the initial and final phases of themodeled numerically. This approach yields insight into the
variation. However, pressure is higher in the blockage phasdependence of the amplification on the permeability of the
than during the development of the flow, indicating thatgrain packing.
dq,/dz cannot be neglected in Eq10) [the last term
[qa/(yp)1dp/dz is of lower order and should remain negli- A. Equations of motion and force distributions
gible]. Some air gets sucked into the lower-pressure regions

1000

dp (Pa)

-1000

-2000

C. Pressure variation mechanisms

1 Jc 1 dp
(1-C) at  ypy dt

(18

The equations of motion and force distribution in the
. o V&ranular packing will first be written. They will then be
stops and the particle fraction increases.

Thi d lowlv during th ind folved numerically together with the conservation equations
IS overpressure decays siowly during tn€ remainder of,. ;. gng grains. For simplicity, one models the case of a
the static phasé&he short vertical part of the curve at the top |

. " o ) . lower-particle fraction zone propagating upward in a vertical
right) due to the finite permeability of the packing. In this channgl propagating up
static phase of the flow sequenees 0. The two first terms '

. . . The equation of motion reflecting momentum conserva-
on thg rlght-hand s!de of Eq14) are equal to zero leading to tion for both air and grains contained in a vertical slice with
the diffusion equation

tube radiusR can be written as
ap 9p dv p  doy,, 2

E:DF' (19 pC——=pCY— — — ——— — 503, (20)
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(the equation has been divided by the secBenmR?). Ac-  bubble moves upward inside a vertical tube filled with an
celeration terms for air have been neglected due to the largatherwise grain packing. The bubble length is much smaller
density difference between the air and grains. The frictiorthan that of the tube, and it is assumed to be far enough from
forces on the air applied at the walls are similarly negligibleeither of the ends that boundary conditions do not influence
due to their low area compared to that of the grains. the motion. As suggested by the experimental observations,
Note that when Eq.20) (excluding the gravityg,,, and  the particle fraction and the velocity are discontinuous at the
o, termg is combined with Eq(14) (neglecting the second- bottom end of the bubbléthe blockage front while they
order v dp/dz and diffusion terms one obtains a sound vary continuously at the tofthe decompaction regignAir
wave propagation equation with a velocity given by E§. pressure is continuous in both cases but the pressure gradient
The left side of Eq(20) corresponds to the acceleration is discontinuous at the lower front.
term and the first term on the right to the weight of the In order to solve the problem numerically, one uses the
grains. Hereo,, and o,, represent, respectively, friction conservation equations for graifi® and air(10) established
forces on the grains at the lateral walls and vertical stress Sec. IV and the equation of motid@3) of the grains. For
forces between grains in the tube section; they are assuméhe sake of practicality, Eq.14), in which Darcy’s law is
to be constant around the perimeter of the tube and in eaalsed to determing,, replaces Eq10). In the static regions
section. In additiong,, is then estimated by applying Jans- of the packing, all terms in Eq$7) and (23) are equal to
sen’s modéf'?1°assuming first that-,,= wo,, following zero. Equation(14) reduces then to the diffusion equation
Coulomb’s relation. Herer,, is taken to beK;o,,, where (19 for air with a coefficientD given by Eq.(15).
the coefficientK; depends on the structure of the packing At large distances below and above the bubble, the air
and of the surface properties of the grains. Equati2®) pressurep is equal to the atmospheric presspeg ¢ andv

then becomes are, respectively, equal t©,,, and zero both far above the
o o o s - bubble and eve_r_ywhere below th_e blockage front. Additionfil
pC— +pCy — =pCg— — — ——— 2, (21)  boundary conditions corresponding to the mass conservation
ot 9z gz 9z A\ for air and for the grains must also be verified at the lower
in which the characteristic lengthis given by front (in addition to pressure continujtyln the reference
frame moving with the front at ¢, grain mass conservation
N= R _ 22) is expressed by Eq11), which can be rewritten as
2 (0"~ 0m)C" = ~ U 24

In a static packing, all terms involving the grain velocity
vanish: the weight of the grains is balanced by the pressur
gradient and the stress forces at the walls and in the tube K ap
section. When flow starts, the local particle fraction de-(v™—vp)(1—¢c*)———

In the same way, the mass conservation of air implies that

. . . . 0z
crease$Fig. 10b)], which, in turn, reduces friction forces at a +
the walls, resulting in an acceleration of the flow. No exact K ap
relation is available on the variations of the stress forces. It = —vp{1—Cma — P (29
a —

will be assumed in the following that the resultant of the
weight of the grains, the pressure gradient, and the frictiomrhe indexes” and ™~ correspond to values close to the block-
forces increases linearly with the deviation of the particleage front, respectively, inside the bubble and in the static

fraction c from its static valuec,,,. Equation(21) then be-  zone. Combining Eqg24) and (25) leads to
comes

. Kop

1 dp voT T

_ - N 0Z
9= ¢ az)' (23 a

K dp

N Na 0Z (29

Jv B Jdv +3
g v 9z (Cmax—©C)

+

The initial particle fraction, velocity, and pressure profiles

wh(_argJ s the_ parameter_ characterizing thg magnitude of th(_:étre assumed to follow a 1/ cogh{ariation with a cutoff at
variation. This assumption represents a first-order approXige (ower front &=2,) for c andv. Pressure is continuous at

mation: it will be valid in the initial phase of the develop- 2=2 with a faster decrease below. The corresponding pro-

ment of the per.turbation as long as the der'ivat'ive of thefiles are displayed in Figs. 18—13c) (rightmost solid
resultant force with respect to the; particle fraction s nonzerocurveQ. The initial particle fraction and pressure variations
for c=ca. Other types of functions may be envisioned toare related by Eq(9) above the frontthis amounts to as-

replaced(Cmax—C): many will also reproduce an amplifica- suming that the bubble has been created through a local de-

:'r?n phr:atné)_me?on, p_rt(r)]wded thety pred|3t a rec'jsultant force 'Q:ompaction of the grains inducing an isentropic adiabatic
eng irection with a monotonous dependence G, expansion of the ajir The amplitudes of these initial varia-

—f:) and if (as will be seen beloythe prefactor equivalentto are, respectivelysc=0.001, 5p=600 Pa, andsy =3
J is large enough. %103 ms 1
Pressure, particle fraction, and grain velocity profiles at
subsequent time steps are then computed by solving numeri-
Numerical simulations are realized on a simplified 1-Dcally Egs.(7), (14), and (23) in the reference frame of the
model in which a region of reduced particle fracti@alled front using a finite difference Euler explicit scheme. For the

B. Numerical procedure
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0 distances from the front into distances in fixed coordinates,
which will be used in subsequent plots.

200

C. Numerical results

-400

600 - 1. Qualitative observations
5 Particle fraction, velocity, and pressure profiles at differ-
: -800 ent times obtained for a typical set of valuesXfK, and
“ 1000 Cmax are displayed in Fig. 13. The other parameters of the

simulation are given by the experimental values listed above
-1200 7 or computed fromJ andK. A clear amplification effect is
1400 - observed for all three parameters. The velocitseaches its
' ' maximum value faster than both the particle fractmand
0.630 the pressurép (typically after 0.3 vs 0.5 m The ratio of the
maximum and initial amplitudes is also high@0 forv vs 2
- and 1.6 forép andc). A small localized overpressure ap-
pears in the static region close to the initial location of the
0.629 bubble: it is due to air advected by the grains into this region
at short timegfrom Eq. (26)]. At later times, the pressure
© . gradient close to the front increases so that the diffusion of
air back into the bubble balances the advection term. The
0.628 — increase of the amplitude of the variations & and c is
consistent with the decrease of the width of these curves: the
— total area under these curves must remain constant, as re-
| : quired by the mass conservation of air and grains. The ve-
locity vy of the lower front is also roughly constant with a

0.06 1 value |v,]=12.5ms? of the same order of magnitude as

that observed in our experiments.

0.05 7 While the computed amplitude of the pressure variations
~ 0044 is of comparable magnitude to the experimental ones, par-
. ticle fraction and velocity variations are smaller. This is
g 0.03 - likely a result of the difference between the model case of a
o localized bubble and the actual intermittent flow that some-

0.02 - times extends over the entire length of the tube.

0.01 1 2. Quantitative dependence on the modelization

parameters
0 00 02 The key adjustable parameter in the model is the coeffi-

cientJ in Eq. (23 (that characterizes the effective accelera-
tion of the grains when the particle fractiendecreases be-
FIG. 13. Numerical pressui@), particle fraction(b), and velocity(c) pro- low Cmax)- Figure 14 displays the dependence Dbrof the
o i e o T e imama, ot velociyuy and of the parametet, Az character
t=él ms,t=27. ms(dash length and spacing increases withylirﬂ'ﬁe ver’— 1zIng the ampllflcat|on.AAp/Az IS determmeq by plotting
tical dashed lines represents the position of the fepratt=0s. the minimum valueA, of the pressure variation curvéas
shown in Fig. 183)] as a function of the coordinai® of the
front for each curve. After a short transiemt, increases
quickly with z; and the variation levels off thereafter. The
resolution of Eq.(23), an upwind scheme was required to amplification parametekA,/Az is taken equal to the maxi-
avoid numerical instabilities due to the advection termmum absolute value of the slogdA,/dz]| of this curve.
vdvldz. The global length of the simulation domain is 1.4 m The permeabilityK of the grain packing has been taken
and the mesh size 2 mm. The origin of distances is taken aqual to the valu&k =20x 10 *?> m?. Using the values of
the initial locationz¢(0) of the front[the vertical dashed (c.—C) deduced from the simulations, the maximum value
lines in Figs. 18a)—13(c)]. Simulations correspond to a time J=500 in Fig. 14 corresponds in E¢23) to an effective
lapse of 27 ms during which the bubble propagates over acceleration of the grains of the order@® or lower.
distance of 0.4 m. At each step of the simulation, the pres- For J=0, AA,/Az is negative and initial variations of
sure, the particle fraction, and the velocity are determined afp andc damp out as the bubbles propagate upward. Here
all distances from the front, and the front velocity is alsoAA,/Az becomes equal to O fdr=40 and increases steadily
obtained. This allows one, in particular, to determine the nevat higher values. The front velocity 4 also increases with
location of the front after each time step and to translatel in the amplification domain but never becomes zero. Its
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14 - 3000 ity K from 22 to 27102 m? and only reduces the ampli-
fication parameter by roughly 15%.
12 - 2000 & The above results demonstrate that the diffusion term
~ 10 < proportional toD (and therefore t&K) in Eq. (14) is purely
"é’ B dissipative and acts only to enhance the attenuation of the
= 87 - 1000 decompaction wave. This results from the fact that, in high
S 6 ; permeability packing, pressure variations induced by the de-
= = compaction quickly diffuse away from the front. On the con-
44 -0 trary, in low permeability systems, these pressure variations
5 remain localized: their gradients accelerate nearby grains and
L 1000 so sustain and amplify the motion. Intermittency effects can
05 r r T r ; therefore be expected to be stronger for flowing grains of a
0 100 200 ; 300 400 500 smaller diameter.

FIG. 14. Variation of the amplification paramet&A,/Az (O) and of the
absolute front velocityjv,| (M) with the force parameted, for K=20
X 1072 m?,

VI. CONCLUSION

An experimental study has allowed us to analyze the
dynamical properties of periodic intermittent vertical com-
pact flows in a tube. Our experiments involved simultaneous
tpeasurements of local pressure and particle fraction fields,

value is of the same order of magnitude as the experiment : ) - -
combined with spatiotemporal diagrams.

front velocities, particularly whed is large. We note that in o o .
the case of a bubble of slowly varying lengthy anduv ., are A key observation is thr—_z a_lmpllflcatlon of the partlck_e
nearly equal while they differ in the experiments so thatfraction and pressure variations as the decompaction
more detailed quantitative comparisons would be irrelevantTont marking the onset of the flow propagates upward.
These results indicate that the simple model discussed abO\TF'S propagation takes place at a much higher velocity
allows us to reproduce the amplification effect observed ex! vgﬂ>191m5 ) than that of the grains(a few
perimentally. In the following, it is applied to study the in- 10" ms™%). The velocity|vy of the blockage front is stil

fluence of the permeabilitk of the grain packing on the faster than|v f: it inc[eéases with the flow rate and ranges
amplification process. between 20 and 50 m's.

The permeability influences the dynamics of the system The characteristic grain velocity during the flow phase
through the diffusion coefficierd that is proportional td increases with height above the outlet: this variation is asso-

and appears in Eq14). The dependence db| and the ciated with a decrease with height of the durationof the
amplification parametes A,/Az onK are displayed in Fig. flow phase, as required by the mass conservation of the

15. The range of permeabilities investigated is between 0.§rins. Close to the top of the flow tub, represents only
and 4 times the valuk =20x 10~ 2 m? assumed in Fig. 14. 10% of the total flow periodl. The grain velocities and

The front velocityo,, is first almost independent & while amplitude of the pressure quctugtions are sufficiently high in
AA,/Az sharply decreases with and vanishes fok =80 this zone that flow f_rom the feedlng_ hopper gets b!ocked and
% 10712 m2. Note that reducing., from 0.63 to 0.61, as- & transient low-particle fraction region appears briefly at the

suming the influence of wall effects increases the permeabil©P ©Of the tube. _
A characteristic feature of these flows is the small am-

plitude of the particle fraction variationg0.02—-0.03, at
mosd; this is much smaller than variations observed in the

14 decompaction of a granular column with an open bottom end
. 4000 or a flow in the Qensity wave rggirne. It is noteworthy that
12 + these small particle fraction variations, nevertheless, induce
~ large pressure drop@ip to 3000 Pa at the top of the tybe
=10 - L3000 & The d : s ; h for ai
5 g e decompaction process is indeed fast enough for air to
~ 8 A B> undergo an isentropic expansion: pressure variations closely
s L 2000 = mirror the variations of the local particle fraction. The diffu-
= 67 o sion of air through the grain packing is too slow to influence
4 i strongly that phase; however, it plays an important role in the
- 1000 longer static phase by allowing the decay of the pressure
2 1 toward equilibrium before flow is reinitiated. The character-
L0 istic time for air diffusion through the packing is of the order
04 T T T T T T T of the total period of the intermittent flow and may be a key
1020 30 410( ( 520) 60 70 80x10° factor in determining its value.
m

The amplification effect can be reproduced by a 1-D

FIG. 15. Variation of the amplification paramet&A,/Az (O) and of the
absolute front velocityv | (M) with the permeabilityk for J=450.

model, assuming an effective driving force on the grains that
increases with the deviation of the particle fraction from the
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