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Abstract. The flow of dry granular material in a half-filled rotating dnus studied. The thickness of the flowing
zone is measured for several rotation speeds, drum sizelemut$ sizes (size ratio between drum and beads ranging
from 47 to 7400). Varying the rotation speed, a scaling lakilig mean velocity vs thickness of the flow~ h™, is
deduced for each couple (beads, drum). The obtained expené&inot always equal to 1, value previously reported
in a drum, but varies with the geometry of the system. For ksieeg ratios, exponents higher than 1 are obtained due
to a saturation of the flowing zone thickness. The exponetti@power law decreases with the size ratio, leading to
exponents lower than 1 for high size ratios. These exporneiy that the velocity gradient of a dry granular flow in a
rotating drum is not constant. More fundamentally, theselte show that the flow of a granular material in a rotating
drum is very sensible to the geometry, and that the deduofitime “rheology” of a granular medium flowing in such a
geometry is not obvious.

PACS. 45.50.-j Dynamics and kinematics of a particle and a systpaxticles — 45.70.-n Granular systems
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Research in granular material has received a renewed dinum, the thickness of the flowing laygris constant with the
terest these last yearE [1]. Nevertheless, mechanismgrgoveotation speed?. Orpe and Khakhar also studied the flow of
.~ ing flows of particles are not yet completely understood. Fardry granular material in a rotating drunE[lO]. In their stud
) example, two scaling laws “mean velocityvs flowing zone they did not directly extract a scaling law connecting véloc
> thicknessh” have been proposed. For flows down a rough irand thickness of the flowing layer. But they measured that the
G>) clined plane, Pouquuerﬂ[Z] and Azanza et EI. [3] have oletdinvelocity gradienty depends on the angfg¢of the free surface
v ~ h*/? while Rajchenbact{]4], Bonamy et g| [5] and GDR5 ~ /sin(3 — 3,), whereg, is the angle of repose) and that
MiDi [@ report a linear and constant (with the rotation sgee 3 increases linearly with the rotation speegtl € 3, ~ f2).
velocity gradient in a rotating drum, inducing a scaling lawrom these two relations, and assuming that the angle differ
v ~ h. Recently, Ancey|]7] found, for the flow down an inclineence remains smakif (3 — 3s) ~ B— 3;), one easily deduces
onan exponentin the scaling law~ h™ that is not constant, but the scaling law ~ k3. This result is intermediate between a
presents 2 different values, characteristic of 2 distiagtmes: constant velocity gradient, associated to the scaling h [,
for high slopes is around 1 to 2 (values that are compatibIE] and a constant thickness of the flowing layer +° [H] in a
with m = 3/2, but also withm = 1), but for gentle slopes rotating drum.
m~0, which gives the surprising result that the mean veloc- )
7 ity of the flow is constant (independent of the thickness ef th ~ The work presented here reconsiders the problem of the
O flowing layer). Except the curvature of the flowing layer, thécaling lawv vsh in a rotating drum. More precisely, the ques-
() main difference between these systems is that on a roughtifDs we address to are: is there a scaling law connectiog-thi
O clined plane, the active layer flows down a substratum made§iss and velocity of the flow in a rotating drum ? Is the expo-
glued particles, while in a rotating drum, the substraturagen Nent unique, or does it depends on the geometry ? For “large
of loose particles, continuously exchanges particles with drums”, do we expect the same exponent as for a rough incline
flowing zone. The incline with a gentle slope is an intermtdiaPlane whose curvature is infinite ? To answer these questions
case between a rotating drum and a flow down a rough inclin@égrge number of drums, sizes of beads and rotation speeds ar
plane since a static bed can form in the basal part. The inco¥fiddied. Indeed, in previous world [4[5[9)] 10], the ratiowkder
patibility between these scaling laws leads to the devetam Of the drumD over diameter of the beadsis always inferior
of theoretical models of granular flows that have to consid& 400. In this work, the ratid)/d varies from 47 to 7400,
each case independent[ [8]. Another incompatibility appe while the rotation speed ranges from 2 to 25 rpm. In our exper-

if we consider the work of Parker et af] [9] who report that in Bnents, we measure the thickness of the flowing layeersus
the rotation speef. To obtain the link between the power law

q—
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v ~ h™ and the lawh ~ 2™ that is deduced from our exper-static point and the free surface, perpendicularly to thitsse.
iments, we use the definition of the flow rafe= hv where In fact, one would like to measure a static point in the drum
v is the mean velocity of the flow, and note that the flux entefirame reference. But we will see that in the flow, the velocity
ing the flowing layer in a half-filled rotating drum is given bydecreases rapidly to zero and reconnects with a plastie-defo
Q = n2(R? — h?) [f]] whereR is the drum radius. Herk? is mation zone. Thus there is no static point in the drum frame
assumed small compared&S [EI] and the previous relation isreference. There are 2 possibilities to define a flowing tayper
simplified in@Q = 72 R2. One easily obtains: = (1 —n)/n. assume a linear velocity profile to calculate a point wheee th
Thus, the scaling law previously reported, h, corresponds velocity is equal to 0 in the drum frame referen@ [13], or to
toh ~ 2" withn = 1/2. take the static point in the laboratory frame reference.dibe
tance between these 2 points is very small and the choice does
not affect the values of the results (thicknesses of the figwi
i layer, velocity profiles and exponents of the scaling laws).
1 Experimental apparatus the following, we present the results obtained in the latooya
frame reference since they are directly measured in theriexpe
ment, with no assumed hypothesis.
For each experiment, measurements are reproduced between
10 and 20 times, which allows to represent mean data with er-
ror bars using the Student test with a 95% interval of confiden
(standard deviation and number of measurements are taen in
accountin the error bars).
_central annulus The possible influence of several parameters has been con-
\ sidered: the precision of the filling of the drum (47.5, 50 and
53.5%), the size distribution of the particles, the widthtloeé
drum (D =20 cm,d =2 mm,W = 0.5, 1, 2, 4, 6 cm) and
the influence of the experimenter in the measurement of the
static point (4 different experimenters). In all the casies dis-
crepancy in théh measurements is not statistically significant
[E]. Finally, we are aware of the fact that all measuremards
motor driven axle made through a lateral window, but several experimentaksvor
S suggest that the thickness of the flowing zone at the walltis no
or only slightly, modified compared to those at the centeznev

if the velocity is reduced at the wa(l [1[0]43] 14} L5, 16]

circular glass window

[flowing granular material

Fig. 1. Picture of the experimental apparatus

250r D/d=7400—+— i

The drum is composed of an annulus of diamée(s.6, N
12, 20, 30 and 50 cm) and widifr (0.6, 1, 2, 3, 4, and 6 cm),  2°°f % Did=10002— |
held between two circular glass windows, and placed véftica % % peen
on a rotating axle driven by a continuous current motor (fig- 1sof- 3 $ ¢ Did=100—— -
ure D). The rotation speed of the drufh varies from 2 to ,/q ﬁ 3 % % Did=471—6—
25 rpm in order to be in the rolling regime (continuous flow | 3 2% % ¥ : |
regime). The drum is half-filled with glass beads of mean di- e ¥ Xxg@gx% o x ¥ ¥
ameterd, ranging from 0.07 mm to 2 mm, with a density of 2.5 ¢ ¥**X*** wox X X% XX
g/cn?. The studied size ratios (and mean beads diameter) are:*°[ %**wémz& X i
D/d =47 (d =1.2 mm), 100 (56Q:m, 1.2 mm, 2 mm), 166 § mm EE = .
(1.2 mm), 214 (56Qum), 357 (560um), 600 (200um), 895 ol Tesd BrErTETEFeTe 0 0 E ¢ ; J
(335um), 1000 (20Q:m), 1500 (20Q:m), 2500 (20Qum) and € (rpm)

7400 (75um). The case in which 45-90m glass beads arerig, 2. Thickness of the flowing zone measured in bead diamétéats
used (ratioD/d = 7400) has to be considered with care. Thes rotation speed of the drum for several size ratid3/d (diameter
corresponding results are reported since they are congatisf the drumD over diameter of the beads the D/d = 100 ratio
with the others. The humidity is held between 50% and 558&6rresponds td = 2mm)

in order to reduce electrostatic effects or capillary beisipe-

tween fine particlesII:]_Z]. Experiments are filmed with a CCD

camera whose shutter speed is chosen in order to follow parti

cle trajectories (long exposure time). This is analogouth#o

technique reported in Orpe and Khakhfr] [10]. Thus the par@-Results: Thickness of the flowing zone

cles at the lowest point of the base of the flowing zone appear

to be at rest on the film, defining a static point in the Iab('p'-igure@ presents the thickness of the flowing zone (measured
ratory frame referencé. is the distance measured between thia bead diameters/d) versus the rotation speed. The curves
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3 Saturation regime

14 T T T T T T T T T
hsat=0.24 R N
2 I “1 In the saturated regime, the thickness of the flow remains al-
10k {i% ﬁﬁ % @ % il [@ J most constant wher? increases, as previously observﬁd [9].
@] The increase of the flow rate is mainly adapted by an increase
hd &r % han=0.28 R 1 of the mean velocity. We deduced that, in this regime, the ve-
= % 3 locity gradient cannot be constant, and should increadethgé
d 3 oo % % el s 1  rotation speed.
Ak s D/d=100, D=5.6cm—E | As this deduction is indirect and concerns a gradient aver-
128 D/d=100, D=12cm+—>— aged on the whole flowing layer, 4 velocity profilesy) have
2 D/d=100, D=20cm—— been measured along an axi§) (perpendicular to the free sur-
Did=47, D=5.6cm—S— face (defining theX axis). This will allow us to compare ve-
0 D locity profiles and their associated scaling law with the obe
¢z 47 (rpml)o o 48182 tained by previous authofd 4, 5]. A high speed camera (86)0 fp

_ _ _ have been used. The shift of one particle between two frames
Fig. 3. Thickness of the flowing zone fab/d = 47 and 100 versus js about a few bead diameters. Thus, we reject the idea af usin
rotation speed?. The two horizontal lines propose saturation thicky particle image velocimetry software. Instead, we folltw t
nesses for the flowing zone arbitrarily chosen as the maxidata trajectories of a few colored glass beads, selecting theyn “b
value. hand” on a specially dedicated software.

organise in raising ratioB /d. For clarity reasons, all the stud-
ied ratios are not reported on the graph, even if they all show
the same behavio 3].

One may note that for low size ratios (typicallp0 < 05l
D/d < 400), the thickness of the flow is close to a 10-beads ~*
layer. Even if this value is frequently reported, figﬂe 2\8ko
that this size of the flowing layer is not universal but de|cxien<;l_\_1
on theD/d ratio. In our experiments, the thickness of the flone =I oS
ranges from 4 to 200 beads. ‘; T pa

Special attention was put into homothetic systems, i.e. SERES
tems with equal size ratios, to check thatl and D/d are the '
relevant parameters. For these homothetic systéijg € 100,

W/d =20andD =5.6, 12, 20 cm), all the curves superimpose Y
within the error bars (figur 3). This has already been regort

in [L3[17] while studying the angle of avalanches, of repose
and of continuous flow. This can also be observed on fiﬁﬁlre_z2 5L 1 1 1 1 1 1 1 1
for close ratios D/d = 895, D = 30 cm andD/d = 1000, ' 0 10 20 30 40 50 60 7C

D = 20 cm). This result suggests that the Froude number, vy (em/s)

Fr=v?R/g withw = 272 andg the gravity acceleration, is Notgjg 4, velocity profiles measured in a rotating druh= 20 cm with

the relevant parameter to describe the thickness of therftpwi, size ratioD/d = 100, y is the position along an axis perpendicular
zone. Indeed, in the casé¥/d = 895 andD/d = 1000, if the to the free surfacg = 0, and fits on the linear part of each profile. The
thickness is plotted versus Froude number, the curves do B@br bars are obtained using a Student test with a 95% aiteFe
superimpose as precisely as in figﬂre 2. experiments are performed with 4 rotation speeds (fromtéeftght

The flowing layer thickness curves presented on figﬂjre(?_ = 4, 9.2, 14, 19.4 rpm). The velocity gradient in the lineartpar
show two different behaviors: for low ratid3/d, the flowing increases with the rotation speed.
zone increases and rapidly reaches a constant flowing #sskn
(saturation thickness). Parker et ﬂ [9] report a satonatiick-
ness corresponding in average to 35% of the radiusf the Figureﬂl shows velocity profiles measured for rotation speed
drum (but with large variations), with size ratios rangingrh  of 2 = 4, 9.2, 14, 19.4 romp/d = 100, D = 20 cm). Be-

D/d = 33 to 90. Figurg]3 shows that in our experiments, tieeen 630 and 1200 velocities have been measured for each of
saturation thickness is around 28% (resp. 24%) of the radihe four profiles. As pointed out by Komatsu et i1][18], the-pr

of the drumR for a size ratioD/d = 47 (resp.D/d = 100). files display a linear part and an exponential part (recotioec

For higher ratios, the flowing layer thickness increasegioon with the static zone). For the 3 higher rotation speeds @y
uously with the rotation speed. For these size ratios, one exWe can clearly see a linear part in the velocity profiles, enhil
pects thah would stop increasing when a saturation thickne$er the 4 rpm case, the overall profile seems convex.

will be reached. But we assume this would occur for rotation The increase of the total velocity gradient can be induced
speeds high enough such that other phenomena might havéogltwo effects: an increase of the slope of the linear pad, an
ready appeared: strong “S” shaped free surface, catagarioh also an increase of the extension of this linear part, ansl ahu
eventually centrifugation. decrease of the reconnection zone thickness.

OF
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P — file (local) are not constant and increase with the rotaties.
. Thus, if a scaling law ~ h™ is used to fit our data on velocity
/ y and flowing thickness, the exponentwould be superior to 1.

4 Velocity scaling laws

- From our experiments, we deduce scaling laws between the
thickness of the flowing zonk and the rotation spee@. We

then derive scaling laws connecting thickness of the flowing
< layerh and mean velocity and compare with the results ob-
tained by previous authors.

0 10 20 30 40 50 ¢

v, (cm/s)

Fig. 5. Velocity profiles measured in a rotating druth= 20 cm with

a size ratioD/d = 100, y is the position along an axis perpendicular
to the free surfacg = 0, and fits on the linear part of each profile. Theg
numerical simulations are in 2D and performed with 4 rotasipeeds <
(from left to right 2 = 5, 10, 15, 20 rpm). Like in experiments, the
velocity gradient in the linear part increases with thetiotaspeed.

10¢

From figure|]4, we see that the linear part increases strongly Y o S
between(? = 4 rpm andf2 = 19.4 rpm and this contributes to 1 10 1ot
an increase of the total velocity gradient of the flowing laye 2 (rpm)
We will now focus on the linear part, and see if it presentg. 6. Thickness of the flowing zone of the granular material mea-
a constant velocity gradient as previously repor@(ﬂl [4AB]. sured in bead diametets/d vs rotation speed of the drum for sev-
though the linear part is not obvious for the 4 rpm case, veral size ratiod /d; fits with a power lawh ~ 2" and values of the
locity gradients are obtained by fitting the upper part (eashexponent: with their uncertainty. The exponentis not constant and
lines) of the velocity profiles. The obtained velocity geaatis  increases with the size ratio.
are not equal{ = 24.2, 25.5, 27.7, 31.58), but increase with

the rotathn speed.. ) ] ) ] Figure[$ shows the experimental data for several values of
As a fit of the linear part might be subject to dISCUSSIOD/d in a log-log plot and crude fits using a power law. 2"
(especially the frontier between the linear part and thedexpyith a least square method. When a power law is used to fit
nential reconnection is rather subjective), we have decide these data, very good regressions are obtained. We found tha
perform numerical simulations with a geometry close to thﬁe obtained exponent is not unique’ and depends O@m
experimental conditions: 4300 disks of 2 mm diameter flowingtio. Table 1 gives the exponents obtained by fittings (2
in a 2D drum of 20 cm diameter. The numerical method |S@:\d the Corresponding power law~ h™. For the small ratios
distinct element method, with a linear spring dash-pot rhodg/d' them exponents are much larger than 1, which is in ac-
for the normal forces and the Cundal and Strack scheme {gjrdance with the increase of the global velocity gradieiti w
the tangential forces (see for examle] [19]). More details g) (fig. ). For example, the power law for the rafityd = 100
the numerical simulations will be given eIsewheEal [20]. Foys 1, ~ (20-154+0.011 gnd induces a “pseudo” scaling~ 13-
rotation speeds are simulatétl= 5, 10, 15 and 20 rpm. The never reported before. When the size raligd increases, this
linear part and the exponential reconnection with thesfeit  exponentn continuously decreases, with values inferior to 1
appear more clearly (figufg 5), and the measured velocityigraor the 3 case®)/d = 1500, 2500 and 7400.
entdoes not d_epe_nd on the fronti_er with the reconnectioa Zon For small size ratiosp/d < 100), to fit the data using
(while remaining in the dashed lines region). Again, the €% power law might seem not logical since we just shown that
tension of the linear part increases with the rotation speed 5 saturation thickness is expected for high rotation speds
Moreover, the velocity gradients obtained by fitting theelin  fnction with an asymptotic behavior should be a bettereoi
part increase with the rotation speed (re$p= 8.23, 10.57, our aim here is simply to show that the existence of a satu-
12.61 and 14.63'8). The values obtained in the simulationyation thickness does not appear through a sharp trandgition
are different from the experiment, probably due to the faat t the curves: the saturation process happens progressiffelgt-
the simulations are in two dimensions. ing the thickness of the flow even for low rotation speeds. For
We see that, in both cases (experiment or simulation), tlaeger size ratios, this saturation process probably alfla-i
velocity gradients taken on the whole layer, including the rences the thickness of the flow, even if the saturation tles&n
connection zone (global), or taken on the linear part of tiee p is not reached. Indeed, figtﬂe 6 shows that the slapéds~ 2
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Djd [ h~ " v~ R o T T mm g
47 [ 0170.03 | 5212 | / o egﬂ@ |
100 | 0.15t0.011 | 5.5+0.5 e L N

166 | 0.22£0.03 | 3.6+0.6 -04r B et o T
214 | 0.25£0.03 | 3.0+0.4 o6l g ’fwﬁ* 27 ]
357 | 0.30+0.03 | 2.44+0.3 osh /,@aﬂ ™ i
600 | 0.28£0.02 | 2.5£0.2 ER e AN

895 0.449+0.013 | 1.23+0.06 = ir ﬁ, /ﬂ/ﬁ:&? < Q=2 rpm, 4=146+3 s ' ]
1000 | 0.37£0.03 | 1.7+0.2 =3 tpm, 413341 8 .
1500 | 0.56£0.02 | 0.79£0.06 |
2500 | 0.64£0.02 | 0.57+0.05 o 2=4.2 rpm, 7=115%1 s |

7400 | 0.68£0.06 | 0.48:0.14 T

Table 1. Exponents of the power law vs (2 obtained in the experi- 60 80 100 120 140 160
ments and their equivalent exponents of the powerdawh obtained vy (cm/s)

usingm = (1 —n)/n Fig. 8. Velocity profiles measured in a rotating druth= 50 cm with

asize ratiaD /d = 1500 for 3 rotation speedsf = 2, 3, 4.2 rpm), fits

on the linear part of the profiles, and deduced velocity gnatdiy .
continuously increase. These fits show that if a universalgpo The velocity gradient decreases with an increase of théioatapeed.
law betweerh and (2 (or h andv) exists in a rotating drum, it
can not be obtained for small size ratios, but only in systems ) S
with a flowing zone thickness small compared to the saturatif’ent (the particles are still distinguishable) and a power |
thickness. One solution might be to use low rotation speads{ith an exponent smaller than 1. Figdfe 8 shows velocity pro-
get thin flowing layers. Unfortunately, the system reaches tfiles with _the associated error bars. The error bars are _emall_
avalanching regime, and the flow is no longer continuous. TH&N on figurd]4 because between 2500 and 4100 particle dis-
other solution is to study high size ratios, expecting that t Placements have been measured for each profile. This was nec-
exponentmn would reach an asymptotic value. But in our exéssary to reduce the error in the velocity gradient estonati
periments, no asymptotic value is obtained. When incrgasiand to have statistically significant differences in thepslof
the size ratio, the exponent decreases continuously, takinghe profiles. Again the linear part growths. But, this tintes t
values close to 1 for size ratib/d between 1000 and 1500,evolution of the reconnection zone is not clear. Thus we oainn
and values lower than 1 for our larger size ratios (see fifjuréPlain the obtained power law only by these two evolutions.
and tabldJ1). On the other hand, the velocity gradients in the linear paveh
been measured slightly decreasing withwhich is compatible
with a power law inferior to 1. In both cases (figife 6 #hd 8),

the global velocity gradients deduced from the power law and
the local gradients measured on the linear part of the psofile
6r % 1 evolve jointly.
5 . -
Al | 5 Discussion
" %} These experiments have shown that both global and local ve-
3r % locity gradients of a granular flow in a rotating drum are not
% ¢ constant with the rotation speed. The variation of the loeal
2r 3 i locity gradient is new compared to results reported be@re [
, even if an increase of the velocity gradient for high rota
© f f th locity gradient for high ot
ir ® T tion speed is also suggested by the data (Fig. 20) of Orpe and
° 3 Khakhar [Ip]. Our results induce that the scaling law~ 7
Un 100 1000 o000 IS not universal in.a drum but that the valuerafin v ~ A™
D/d depends on the size ratio between drum and beads. In our ex-

. , S eriments, the peculiar power law = 1 should be obtained
Fig. 7. Evolution of the exponent: of the power lawv ~ h™ with ?or asize ratioD?d comprri)sed between 1000 and 1500. In their
the size rationD/d. The exponent decreases continuously with the . -
size ratio. experiments, Rajchenbacf [4] and Bonamy et[4l. [5] have ob-
tained this scaling for size ratid3/d around 150. The differ-
ence is probably due to the fact that Rajchenbach reports the
An exponentm lower than 1 induces a decrease of these of steel beads in a 2D system, while Bonamy et al. have
global velocity gradient when rotation speed increasess Thised steel and glass beads, but in a quasi 2D system. We also
result is opposite to what is observed for small size rafios. note that our scaling laws are obtained with the measurement
confirm this counter-intuitive evolution, direct velocjpyofiles of the thickness of the flow including a part of the reconnec-
measurements were performed. The sysfeya = 1500 was tion zone while Rajchenbach and Bonamy et al. found that the
chosen as a compromise between the feasibility of measurelocity gradient of the linear part is constant.
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