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Shock waves in two-dimensional granular flow: Effects of rough walls and polydispersity
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We have studied the two-dimensional flow of balls in a small-angle funnel, when either the side walls are
rough or the balls are polydisperse. As in earlier work on monodisperse flows in smooth funnels, we observe
the formation of kinematic shock wavédensity waves We find that for rough walls the flows are more
disordered than for smooth walls and that shock waves generally propagate more slowly. For rough wall funnel
flow, we show that the shock velocity and frequency obey simple scaling laws. These scaling laws are
consistent with those found for smooth wall flow, but here they are cleaner since there are fewer packing-site
effects and we study a wider range of parameters. For pipe(flavallel side walls rough walls support many
shock waves, while smooth walls exhibit fewer or no shock waves. For funnel flows of balls with varying
sizes, we find that flows with weak polydispersity behave qualitatively similar to monodisperse flows. For
strong polydispersity, scaling breaks down and the shock waves consist of extended areas where the funnel is
blocked completely.

DOI: 10.1103/PhysRevE.67.021304 PACS nunierd5.70.Mg, 45.70.Vn

[. INTRODUCTION bands for rough walls and the effects of completely station-
ary shock packings in polydisperse flows.

Density waves can occur in various granular flow systems Recently, a number of related experiments on two-
such as funnels and hoppéis, pipes[2], and hour glasses dimensional flow have been performed. Tetal.[7] studied
[3]. In previous experiments, we studied the formation ofa system close to our rough wall pipe flow experiment, and
kinematic shock waves which propagate against the maificluded the effect of partially blocking the outlet. Reydellet,
flow in a two-dimensional system of balls rolling in a small- Rioual, and Cleent[8] studied a falling vertical column of
angle funnel[4—6]. A sketch of the setup used is shown in Palls, where ball-ball interactions are dominated by colli-
Figs. Xa,h. In this earlier work, the walls of the funnel were SIonS. and the rolling of balls does play a minor role. Finally,
smooth, and the balls were of equal sig@onodisperse Le Penneet al.[9] studied two-dimensional rolling flows of

flow). In the present work, we study what happens when W%?a}gsglass balls in flow geometries with very large funnel
break the peculiarities of this smooth-wall-monodisperse ges. . .
The experimental setup and methods of analysis have

sg_stem by e't.r.'e?)k.malﬁmgl tg.e Wa”S,, of_t?e funr;ebl :?UQP been described in detail elsewhé¢fe6] and we summarize
[Fig. Ac)], or (ii) taking “polydisperse” mixtures of balls o the essential aspects here. A sketch of the setup is shown in

different sizeqFig. 1(d)]. » Fig. 1(a) and the important geometric parameters are shown
The crucial experimental parameters characterizing the

flow geometry are the funnel opening anglend the funnel
outlet width D. For smooth-wall-monodisperse flows the
most important features of the shock waves were found to be
the following[4—6]: (i) For >0, the rolling grains tend to
locally form triangular lattices which lead to the creation of
shock waves predominantly at particular sites in the funnel
where close packing occurg¢ii) The velocitiesU of the
shocks are, in good approximation, a function of the rescaled
width w(x)/D only. Herex is the coordinate along the funnel
[Fig. 1(b)] andw(x) denotes the funnel width at position
As we will show below, by making the walls rough or the
flow polydisperse, the triangular packing cégpartially) be
suppressed. We have studied the shock statistics and the be-
havior of individual balls as in previous wof,6], and will
present here the results for the creation and propagation of
shocks in these systems in the pipe flgparallel wallg and
in the small angle, intermittent flow reginis,6]. We have FIG. 1. (a) Sketch of the experimental setujp) Schematic top
also investigated, using ball tracking, the formation of sheagiew of the setup, showing the important parameters of the funnel
geometry(c) Closeup of the balls rolling between rough walls. The
linked balls near the edges are glued to the wélie scale is in
*Present address: Kamerlingh Onnes Lab, Universiteit Leidencm). (d) Snapshots of two different polydisperse mixtures, referred
P.O. Box 9504, 2300 RA Leiden, The Netherlands. to as Mix | and Mix IV (see text
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FIG. 2. Film sequence showing 18 cm of the funnel showinga  © 2 t(s) 4 8 2t *

propagating shock wave g8=0.2°, D=20 mm (each vertical _ -
“stripe” is a separate pictude Such movies are recorded at 220  FIG. 3. Space-time plots of the densiigx,t) at 3=0.4° for (a)
frames/s and are used for the ball tracking discussed in Sec. Il @ =15 mm and(b) D=25 mm.

For clarity, only every eight frame is shown. ferred to the walls. Shocks grow in the upstream direction

N ) due to incoming, high velocity balls, and dissolve in the
in Fig. 1(b). The balls roll on a coated Lexan plafeith  qownstream direction due to the action of tteffective
inclination 6=4.1°) in a single layer, in a funnel formed by grayity, which eventually accelerates the balls again. To ana-
aluminum walls and covered by a transparent lid. The granuyze these shocks, we recorded2—9 s movies of 37 cm
lar material is comprised of 50000 brass balls of 3.18 mnksections of the flow(usually at 220 frames/sand applied
diameter in the monodisperse case, while details of the polyball tracking softwarg6], gaining detailed knowledge of the
disperse mixtures are discussed in Sec. Ill. The rough wallposition, velocity and acceleration of the individual b&dise
were made by glueing linked rows of balls of nearly theSec. Il Q.
same diameter as the rolling balls to the original smooth In many cases, however, one may be more interested in
walls [Fig. 1(c)]. The walls are straight for 200 cm and curve the overall features of the shocks and not so much in the
smoothly at the top to form a reservoir. They can be movedndividual balls. For such analysis, sequences of images
to vary the outlet widthD (0—35 mm and the funnel half taken at 60 frames/s and covering 100 cm sections of the
angle (0°—3°). Alight box is placed below the funnel to funne[ were averaged_in the transverse direction to obtain a
illuminate the balls from below, and a video camera is place@n€-dimensional relative density profile. An example of a
above the system. Snapshots of a small part of the funnelpace-time plot of this relative densip(x,t) is shown in
show the effect of rough wallgFig. 1(c)] and polydispersity Fig. 3 for two different sets of parameters. From these the
[Fig. 1(d)] on the packing of the balls. position of a shock wave and its creation site, average local
The paper is structured as follows. In Sec. Il we presenvelocity U(x) and frequencyr(x) can be determined. As
data based on monodisperse flows between rough wall¥ith smooth walls, shock waves between rough walls are
Shock wave statistics for both intermittent flowg0°)  €asily distinguished by eyk5]. They are created at various

and for pipe flows g=0°) are discussed, and we also Studypositions in the funnel and there are some noticeable inter-
data based on ball tracking. In Sec III’ we investigate th ctions between shocks. As in earlier work on smooth walls,

effect of various degrees of polydispersity in flow betweenzrr:gcf';r\’\g\]’gﬁ \?arli géegeghgzrﬁogl?iglgéitlgﬁg élér:]ré(ra;@ngles
far:]ifi)g;hvz\i/?r: lfr'aiflirg:agllgbvm Appendix A, we discuss some SIME shserved to grow with increasing, x, and decreasin®.

A. B>0

Il. ROUGH WALLS We will study now in detail the statistics of shock cre-

. . ation, velocity, and frequency, based on density data taken
The basic phenomenology of the formation of shockfor D rangintg from 15(:10 30ymm, and foB rangi)ag from

waves is illustrated in Fig. 2, which shows ten subsequen(t_) 1° up to 1.2°. The case of pipe floy8&0), where rough
snapshots of the balls in a small section near the outlet of thg, § smooth walls show very different behavior. will be stud-

rough wall funnel. In dense regions, which may occur due (qeq in Sec. 11 B, and some results following from ball track-
a combination of geometric effectshe finite funnel angle ing are discussed in Sec. Il C.

B) and the inelastic nature of the collisions, kinetic energy is

dissipated rapidly and so the balls here have a lower velocity 1. Shock creation

than the balls in dilute regions. This leads to kinematic shock The monodispersity of the balls permits them to form
waves, in which the balls become almost stationary and tenglose packed triangular lattices at certain packing sies
to pack in a lattice which extends from wall to wall. In such =y, in the funnel. For smooth walls, the positions of these
a region, both energy and momentum are efficiently transpacking sites are given by
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FIG. 4. Manually counted shock creation rat&CR) [13] for
rough walls shown as a function of the local funnel widtfx) for 0
D=20 mm andD =25 mm (both data sets cover=0-—100 cm).
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wherei is an integer and is the ball radiug5]. In a funnel

with smooth walls, packing effects are rather pronounced as 100 F
shown in Fig. 18 of Ref[5].

For rough walls, it is slightly more difficult to give an
estimate of where one expects packing sites. It is, for ex-5
ample, not obvious whether the value bf (which is the 60
minimum distance between the two rough whalks the rel-
evant parameter. We have found that packing effects persic 40

—_
Y
£

80 |

from small D, but are washed out for larger funnel outlets. " Bj gjg ]2 -g ______
This is illustrated in Fig. 4, which shows the manually 2 r D;25mm,|3;01°-1:2° cee Koo
counted shock creation rates for two different value® afs o L . . | D=30mm,=0.2°-1.0° &

a function of the local widttw (this aligns possible packing 1 12 14 16 18 2 22 24 26
siteg. Clearly, packing effects are present fdor=20 mm, w(x)/D

but are washed out fdd =25 mm. This is consisted with the _ ,
D =15 mm andD =30 mm data sets, although in these cases FIG. 5. Average shock_velocnyJ(x) for 40_d|fferent sets of
it is difficult to obtain a precise estimate for the shock cre-fha;rgseézlrj; agg,%ﬁef:;?:;“z??xmg;% widthw(x) and (b)
ation rates. A comparison of the data shown in Fig. 4 to data ’ '
on the shock creation rates in smooth funnels, as shown in
the top of Fig. 12, confirms that rough walls suppress the
effects of packing. [U(x)~64 w(x)/D—0.14] cm/g was observed for smooth
We therefore have shown that packing effects are supwalls [5,6]. Experiments with one rough and one smooth
pressed in sufficiently wide rough wall flow, and that in this wall, which we will refer to as “semi rough’{not shown
case shock waves are created everywhere in the funnel wihave a more disordered flow with a decent data collapse of
equal probability. U(x)~83 w(x)/D—0.57] cm/s, which falls between rough
_ wall and smooth wall data for low(x)/D [see Fig. a)].
2. Shock velocity Therefore we conclude that the roughness of the walls leads,
From the density fields, we can obtain the local shockin general, to a slowing down of the shock waves.
velocity U(x) using the shock detection algorithm RGE  In the data collapse Fig.(B) there seems to be a trend for
(Relative density contrasGradient Edge detection [11].  wide funnels to have slightly larger velocities. Some of the
This is a refinement of the GE-method described in detail irD =30 mm data sets had problems with static buildup at the
Ref.[5], and is used to measuk#(x) and »(x). The shock outlet during parts of the experiment, which is likely to have
velocities obtained with this method for forty different sets affected shock statistidgncreasingJ(x) and »(x)] near the
of parameters are shown in Fig(ab as a function of the outlet. It is also possible that for larger outlet widths the data
local funnel widthw(x). This already indicates a clustering for rough walls becomes more comparable to those of
of the data in groups given by the funnel outiztWhen the  smooth wall systems. Nevertheless, we find that the shock
data is replotted against the dimensionless parametefelocity is in good approximation a function of the local
w(x)/D as in Fig. 8b), there is a fairly good data collapse rescaled widthw(x)/D only, both for smooth and rough
with  U(X)=79w(x)/D—0.73] cm/s. A similar scaling walls.
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FIG. 7. Linear fits for &=w(x)/D=<2.5 of U(x) vs w(x)/D in
(a) and forv(x)D vsw(x)/D in (b). Both graphs show the lines for
smooth wall, smooth or rough combined walls and rough wall
flows. Data for weakly polydisperse, smooth-wall flows are also

included.

=0.5°, where the RGE method tends to underestinréxg

for largex, B [11].

In a previous papef5], which discussed the shock dy-
namics for smooth funnels, the issue ifx) data collapse
was not discussefil2]. Reprocessing of this smooth-wall

data employing the RGE algorithm does show a decent data
collapse, wherey(x)D=1.9(1Yw(x)/D—1]%7®), but the
number of old data sets with # 10 mm that gives reliable
v(x) data is insufficient to judge whetherx)D or v(x)
gives a better data collapse. We will discuss this issue below
for weakly polydisperse mixtures in smooth funnels in Sec.
Il 2, where more data is available.

Note that the shock frequency for smooth walls is gener-
ally less than half the frequency for rough walls. However,
since we believe that shock waves are, in general, produced
by disturbances in the flow, this should not be a big surprise:
rough walls produce more disturbances.

Data obtained from flows with one rough wall and
one smooth wall(“semi rough”) confirm this intuitive

From the density plots we can also obtain the local shoclicture, since we find a decent data collapse »$k)D
frequencies/(x) using the RGE algorithrfil1]. In Fig. @)  ~3-4(1)Yw(x)/D—1]%"™ cm/s (not shown. This is right
we show the shock frequencies for our rough wall data as §etween the fits for the rough wall and smooth-wall data
function ofw(x). While some packing site periodicity is still discussed above.
visible for D=15 mm, for larger values d the curves are
fairly smooth and we will discuss the data collapse that oc-
curs there. The rough walls allow us to suppress packing effects, so

From the data shown in Fig(# it appears that goes to  that two simple scaling laws for the shock velocity and fre-
zero whenw(x)—D, i.e., near the outlet. Replotting the data QUENCY emerge.
then as function ofv(x)/D —1 (not shown confirmed this, _
and indicated that to achieve data collapse, one needs to plot U(x)~ay[W(X)/D ~az], 2)
the producty(x)D as a function ofw(x)/D—1. Finally, in
contrast to the shock velocity, the frequency clearly grows

nonlinearly withw(x)/D—1. On a log-log plot, it appears The fitting coefficientse; ,a, and a5 vary with the rough-
thatvD scales agw(x)/D—1]°, with an exponenp around  pess of the walls. In Fig. 7 we show the best fits for data
0.7 [Fig. &(b)]. While the scaling range is to small to deter- optained for rough walls, semirough walls, smooth-walls,
mine whether such power law scaling holds asymptoticallyand smooth-walls—weakly polydisperse baltiscussed in

it is a useful way of collapsing our data, as also is shown irdetail in Sec. Ill 2. The fits are all made in the interval 1
Fig. 6(c). Note that significant deviations can be seen forsw(x)/D=<2.5 for consistency.

larger values ofv(x)/D. The data falling below the curve in As shown in Fig. 7a), changes in the boundaries have a
Fig. 6(c) mainly belong to data sets witb=15mm 8  weak effect onw,, but substantially affectr,. The old

wx)/D-1%7 1 1.2

FIG. 6. (a) Average shock frequenay(x) vsw(x). (b) Rescaled
shock frequencyy(x)/D vs [w(x)/D—1]%7 (linflin). All for 40
different sets of parametef® andD.

3. Shock frequency

4. Rough wall intermittent flow: Conclusion

v(x)~D tag[w(x)/D—1]°". 3
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smooth-wall data for the velocity seems to deviate a little 20

from this trend, and we do not know the reason for this. For - S e WP

the frequency, the roughness of the walls has a profound § 10 L D—15 A—AD—225 e

influence on the prefactar;. For small-angle funnels, rough 5 «  aD-175 o— D25

walls promote the occurrence of shock waves, but do not 0 &2—aD=20 e—eD=30

affect their propagation velocity substantially. 100 125 150 < (em) 200
1.5

B. Pipe flow 1.0

vD (cm/s)

The behavior of shocks in pipe flow3&0°) can be ex-
pected to be rather different from those in intermittent flow
(8=0.1°) since for pipe flow there is no “geometric” source 0.0
for the formation of shock waves, and dissipative collisions 100 125 150 x (em) 200
are now presumably the dominant origin of shock wave for- £ g velocity (a) and rescaled frequendt) of shock waves

mation. in rough wall pipe flow.
Indeed, for smooth walls théew) shock waves that are

generated never reach the reservoir and consequently the ) )

flow rate(and indirectly all other flow propertigsre entirely ~ SU99ests that the mechanisms of shock wave propagation are

determined by the reservoir outflol@,5]. Surprisingly, the Not too different after all. o

qualitative features of pipe flow with rough walls are similar We conclude that in good approximation, rough wall

to the intermittent flows. For example, many shocks do travefhock flow is dominated by shocks that are created mainly

upwards and reach the reservoir. near the outflow region, travel upward with fairly constant
Similar to smooth-wall pipe flow, the rough wall pipe velocity and whose frequency decreases &s 1/

flow is extremely sensitive to exact experimental conditions

and consequently the statistics obtained for these flows is C. Ball tracking

bound to be more noisy. In fact, as we will see below, subtle

problems near the outflow area render part of the data unuz;)

0.5

We have processed detailed films such as shown in Fig. 2

able. The analysis of shock properties is further hampered b obtain ball trajectoriegdetails of this method are de-

the fact that the RGE shock identification mettad] used ~ >cioed in Ref[6]). From the full set of ball trajectories, we
above has problems detecting some shocks Witk 15 have constructed coritlnuous one-dimensional Eulerian fields
—20 cm/s. We have therefore decided to use an alternativef the relative density(x,t), velocityv(x,t), and accelera-
method, based on space-time correlation functions, to obtaition a(x,t) [6]. A comparison of the acceleration fields for
a measure of the velocity, and determine their frequencyough and smooth walls indicates that the flow for smooth
based on a simple threshold algoritlisee Appendix B walls has more disturbances and the shocks are less sharply
Based on these methods, we have determined the shockfined.
velocities for rough wall pipe flow. We find that the data for ~ We have previously show@ppendix C in Ref[6]) that
the lower part of the funnel (€x<100 cm) does not show smooth-wall flows are reasonably one dimensional, i.e., the
any systematic trend, and often here data sets show a cordensity, velocity and acceleration fields do not show a strong
plicated mixture of periods of stationary shocks and movingdependence oy, the coordinate across the funnel. This is no
shocks. We think that this is due to experimental problemdonger true for rough wall flows as shown in Fig. 9. The
(in particular static charge buildup near the funnel outlet invelocity (v,) as a function of the transverse coordingtis
some measurementsn later runs, when we studied the up- shown for various pipe flows in Fig.(8 and for 8>0°
per funnel (108cx<<200 cm), these problems were solved. flows in Fig. 9b). In both cases do we find thét,) drops
Here we find that the shock velocity is essentially indepenoff near the boundaries, and this effect is most pronounced
dent of the widthD, apart from some effects near the outflow for pipe flow and small-angle flow. A number of different
of the reservoifsee Fig. &)]. flow behavior could underly these statistics, the most obvi-
The shock frequencies decrease vidthbut do not show a  ous being{i) The flow has a shear component near the walls,
clear trend withx. Rescaling the frequency with, we find i.e., balls near walls move typically slower than in the bulk.
that »D is fairly constant, foD ranging from 15 mm to 30 (ii) In shock packings the flow reaches from wall to wall, but
mm [see Fig. &)]. Again, most data for (&x<<100 cm) in fast regions(between shocksballs near walls are re-
does not show any systematic behavior, due to the largpulsed. In this interpretation, balls in fast regions are repelled
amount of stationary shocks. from the boundaries, and this transverse momentum is ab-
Using the linear fits olJ(x) and »(x)D similar to Sec. sorbed via ball-ball interactions in the funnel center, leaving
IIA, we find U(w(x)=D)~21 cm/s andy[w(x)=D]D the regions near the walls relatively empty.
~0.8 cm/s. Considering the systematic differences between To resolve this ambiguity we plot histograms of the
RGE based and space-time correlation based measuremeptssitions of balls with theiw, in a certain interval in Fig.
of U(x) there is a fairly good correspondence between thé(c) (for pipe flow) and in Fig. 9d) (for B=0.4° flow). If
pipe flow shock wave data from the>100 cm part of the reason(ii) would dominate, the histogram of the slowest
funnel and the shock wave behavior f6>0° flows. This  balls (in shock regionsshould be fairly flat, but this is not
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y O=15mm —— | 20 TABLE I. Quantities of balls of various sizes in the four differ-
40 -(a) D=20mm ------- - SRIENPE ent polydisperse mixtures used here.
B . D=25mm -------- e/
8 1y Mixture 25mm 30mm 32mm 35mm 4.0 mm
A s > e .
r . \; l3=02 | 10000 10000
1Y //;ﬁ L g:%l 4 I 10000 10000 5000
o ' . ).(=74-1.10 CIT.\ .‘ ol X=2.5-30 Cm. B=2'0'{ .............. d n 10000 10000 10000
1 05 y(m) 05 1 05 025 ymw(x) 025 05 v 10000 10000 3000
T — T 20 F T — T
201(C) wossoms o | (d) wiiecscms
2 ',V,’fff“'ss Ws 1%r V3240 O oo shocks appear to display similar behavior as for monodis-
5 - g perse balls, but for increasingly polydisperse mixtures, shock
£ ", g /! waves lead to thdlocking of finite fractionf the funnel.
N s|/ . - Here all balls are stationary for a finite time interval. Some
d N | B=04,D=20mm, v clear examples of this “freezing” can be seen for Mix IV in
X=74-110 cm BN : x=15-30 cm 8 .
ok L L L KN B L L L J Fig. 1Qb), for x~80 cm andt~3.5 s. The occurrence of
1 05 y@em 05 1 05 025 ymw) 025 05  fipjte blocked fractions can be interpreted in terms of a com-
10F N petition between the leading and trailing edge of a shock. For
sl i - : strongly polydisperse mixtures, the velocity of the trailing
— | D=20mm, poq’ ; edge of the shock where the shocks dissolve, is lower than
S 1 < [} x-25300m ; that of the leading edge where the shock grows due to in-
2l J coming balls. As a function of its lifetime, a shock will there-
';_ oo D=tsmm — | fore spread out, and finite regions of the funnel will be
X=74-110'cm Dogamm blocked. In contrast, when one would generate an extended

blocked area in a monodisperse flows, it appears that the
velocity of the trailing edge is larger than that of the leading

FIG. 9. Average, as function ofy in various pipe flowga) and ~ €dge. Such a shock would then shrink, until leading and
B=0.1° flows (b). Histograms of ball positiongconsidering the trailing edge come very close together and the shock loses its
width of the balls grouped according to the, value for a pipe flow ~ Spatial extent.
(8=0.0°, D=20 mm) in(c) and intermittent flow g=0.4°, D We have measured, employing ball tracking methods, the
=20 mm) in (d). The average square transverse ve|oeg'm§> velocities of individual balls in shocks, and some represen-
=T, is shown as a function of for three pipe flows ire) and for ~ tative results are shown in Fig. (. The ball tracking
B>0° flows in (f). Note that in(b), (d), and(f) the rescaled coor- method has not been specifically fine tuned for polydisperse
dinatey/w(x) is used on the horizontal axis. flow, which leads to a slightly noisier determination of.

The overall picture that emerges is that in monodisperse

the case and therefore we conclude that there is an importafbws, balls almost never stop completely in a shfeétice

1 05 y(em) 05 1 05 025 ymwx) 026 05

shear component to the flow. that for the example in Fig. 14) the minimum velocity of
The y dependence of thg component of the granular the balls in monodisperse shocks indeed stays firliteMix

temperatureT,:=(v3), is shown in Fig. @) for pipe flow |, complete stopping of balls in a shock occurs only in a

and in Fig. 9f) for >0° flow. For theD =15 mm pipe

flow, T,(y) is constant while the wider pipe flows exhibit a x (em) (a), xLm

more quiet region in the center—perhaps consistent with the'°°)s S AN 100

“transverse momentum sink” mentioned {ii) above. The .
B>0° flows in Fig. 9f) are denser and slower, showing that go {4
in dense flows g=1°, B=2°) transverse momentum is ab-

sorbed immediately and the profile is flat. The “transverse
heat sink” does not play a role here. o0

b

Ill. POLYDISPERSE FLOWS 40 "

To suppress the close packing effects that occur for mono-
disperse balls rolling in smooth funnels, we have also ex- 20
plored flows of balls of mixed sizes. We have studied shock
waves for four different mixtures, which we will refer to as kY A% 3 ;
Mixture 1-IV in increasing order of “polydispersity’(see o5 >, ("S) "4 P 5 ts) PN P
Table ).

A crucial and unexpected effect of polydispersity can be FIG. 10. Space-time diagrams of the densifx,t) showing
seen in the space-time plots of the density such as Fig. 1@ifferences in shock behavior between weak and strong polydisper-
For a weakly polydisperse mixtufdlix | in Fig. 10(a)] the  sity at 3=0.5°, D=10 mm for Mix | (a) and Mix IV (b).

021304-6



SHOCK WAVES IN TWO-DIMENSIONAL GRANULAR . .. PHYSICAL REVIEW E 67, 021304 (2003

- 40 T )
Monodisp,, .. (2) 4 = Mix |
Rl N CVR Bl IR o (b) =05
40 4 iB=0.3° s L Mxit.- P 2
a”‘: - 5 Mix IV e ! g
0 A 1 D=1omm, | £ [ p=04° = 04
£ , {1 x=38-73cm | o =10mm J -
< P £ £
st |1 1E g
T iX |b vl 3 0.3
10 [B=0-2 L// A 18} 5 8
-,,’ U’ I( -
Vo s 7 3
LW . n o o =4 02 ’ \
0 N b N U)O = dmooooss = & +0.20
0 05 t(s) 15 0 25 x(ecm) 75 100 ]
- R e e — 616
FIG. 11. (a) The —v,(t) of individual balls during the passing of w i _
a shock.(b) Fraction of time the flow stands still behind a just ol S SN el 1 1
passed shock, based on density map data for polydisperse Mixture 40 (cm) 60 80 100

LILILIV.
FIG. 12. Shock creation rates for monodisperse flow and poly-

minority of the shocks, but its occurrence increases withdisperse Mix I,11,111,IV. for 8=0.4°, D=10 mm.

polydispersity andk. In Mix 1l complete stopping of balls

occurs in most shocks that have propagated for more than . .
20-40 cm and do not have another shock right in front Ofserved. The shock velocity (x) grows rapidly for smalk,

them and in Mix IV blocking occurs essentially in all shocks. €N Peaks and subsequently begins to drop for latgéhe
To quantify this behavior further, we have measuregShock frequeQC|e$(x) in Mix 1l and I\/ behave similar to
(based on density space-time diagrarfsr fixed values of3 that of monodisperse or weakly p_olydlsperse fIc_)WS at s_mall
andD the fraction of time that the balls are stuck in such aPUt Pecome constant at largerThis is fully consistent with
stationary shock as a function »fsee Fig. 11b)]. This data
confirms what we already observed in Fig. 10: the amount of

| (a) l [5=0.4I°, D=l(l)mm
%,

blockage increases both withand with the strength of the 150 B 115 £ <
polydispersity. The increase withcan be understood simply E% & B
from the observation that for strongly polydisperse mixtures € 3 ; =T R
shocks spread out during their lifespan, and since shock:e T D; z s ; N
travel upwards, the amount of blocked channel grows with 05 - 1\'/\|/i"xx|: T
One possible explanation we can find for the increase of Mix (Il ---%---
- Mix IV -8 4 0 | Mix IV 8- 4

this blocking with polydispersity is the occurrence of 3D %0
effects. One can imagine that in a shock wave, bigger balls 0 20 40 x(cm) 80 0 20 40 x(cm) 80
that are squeezed between small balls are lifted from the250
support on which they roll. When such shock dissolves,

small balls have to move over finite distance before the g el GEETT e
bigger balls can start to roll, leading to a finite blocking time. 50' = ¥ e awdn

B values

1. Shock creation 100 Rg asin (c)

The polydispersity has two effects on the shock creation. 5, [ D=7mm ---x---
One could have anticipated that for stronger polydispersity :

the periodic packing sites become irrelevant, but as we set 4
from Fig. 12, what happens in addition is that all shocks aresgg F =
generated near the outflow of the funnel, an effect that car & —-
also be observed when comparing the density space-timi § y ]

diagram Fig. 10. > e

Ry Mix ITI

100 x o

2. Breakdown of scaling of Yx) and »(x)D p values as in (c) |

e Roooo D=10mm ——

Using the RGE method we have studied to what extend 50 DA

the scaling ofU(x) and »(x)D with w(x)/D holds. In Fig. :

13(a,b), we have plottedJ(x) and »(x) for B=0.4° andD ! 2 wi)/D 3 4 2 wi)/D 3 4

=10 mm for the four polydisperse mixtures. For Mix |, both £ 13, RGE based plots af(x) (a,c,8 and »(x) (b,d,h: (@
U(x) and »(x) grow fairly linearly with the usual packing showsuU(x) vs x at 8=0.4°, D=10 mm for Mix I-IV. (b) shows
site related variationfb]. For Mix Il the behavior is similar () vs x at 8=0.4°, D=10 mm for Mix I-IV. (c) showsU(x) vs.
but bothU(x) and v(x) become flatter for larg&. For the  w(x)/D for Mix I. (d) shows»(x)D vs w(x)/D for Mix I. (e)
stronger polydisperse Mixtures Il and IV strong deviationsshowsU(x) vs w(x)/D for Mix lll. (f) showsy(x)D vs w(x)/D

from the monodisperse or weakly polydisperse case are obfer Mix Ill. [In each of(c—f) 18 data sets are displaygd.
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the data in Fig. 12 that shows that for strong polydispersand inelastic dissipation. It is well known that the dissipation
mixtures, all shocks are created near the outlet. occurring in ball-ball and ball-wall collisions is enhanced by
Based on the similarity between weak polydisperse anghe rolling nature of the ball motiofil4]; however, the pre-
monodisperse flows we pldf(x) vs w(x)/D for Mix I in  cise value of the effective coefficient of restitution is presum-
Fig. 13c). Apart from packing site variations the data col- ably not of large importance for the phenomenology. In par-
lapse is reasonably good, so in this respect the weakly polyticular, the frequency and velocity scaling for monodisperse
disperse flow behaves as a monodisperse flow. Linear fits gfng weakly polydisperse systems are very simitae Fig.
the data in Fig. 1&) yield U)~74w(x)/D 7) even though for weakly polydisperse flows dissipation

—0.18] cm/s. It is perhaps surprising that the mix | shock geems enhanced. For strongly polydisperse flow, where dis-
velocities are higher than those found for smooth wall MONOyipations seems very strong, we unfortunately lose the 2D

d's_?ﬁrS? flowssee dSec. 1A tteni Wh nature of the experiment.
€ frequency deserves some more attention. €N WE |, the case of smooth walls and monodisperse flows,

plot »(x) D. Vs w(x)/D n Fig. 13d) the data collapse is not packing effects become very important, and they tend to ob-
very convincing, especially for large where the rescaled . . ) .
s .~ scure scaling law. Possibly the simplest case is then the com-

Dination of rough walls and monodisperse floys, to a

shown in Fig. 18)] or partial failure of the RGE algorithm. lesser degree, smooth walls and. yveakly polydisperse flows
This algorithm tends to discard weak shocks at hghx The rough walls have the_ _addltlonal advantage th_at they
since the density contrast of the shocks becomes very smdliake the system less sensitive to"small perturbafeiich
there(see Refs[5,11]). SinceD=7 mm datahighest shock ~&re inevitably present for “smooth” walls
frequency and lowest density contjashow the biggest de- The scaling laws f(_)r shock velocity and frequency, Egs.
viation the latter reason may be the most important. (2) and(3), are the main result of our work. Since these laws
Despite the deviations for highthere seems to be a data also approximately hold for smooth walls, etc., their main
collapse ofr(x)D vs w(x)/D which is superior tov(x) vs  origin must lie in the geometry of the experiment. That the
w(x)/D. Together with the reanalysis of the older df&  shock velocity and frequency dependsodia w(x)/D is not
discussed in Sec. Il A 3 this lead us to believe that the scalsurprising, since this is the most obvious way in whkatan
ing of »(x)D with w(x)/D is a feature of both rough wall be made nondimension@ke do not expect the ball diameter
and smooth wall flows. Power law fits of the data in Fig.to play an important role The fact thaty(x)D and notv
13(d) yield »(x)D~1.6(1Yw(x)/D—11°7® cm/s. That the scales is harder to understand, and may point at certain rel-
shock frequencies of Mix | are slightly lower than for mono- evant velocity scalegnote that bothU and vD have the
disperse flows is not surprising, since polydispersity generdimension of velocity. Two-dimensional quantities that
ally seems to make it harder for shock waves to form anycharacterize the system are the effective ball-acceleratipn
where else than near the outflow of the funnel. (related to the inclinationand D, but these two quantities
For the U(x), »(x) statistics based on Mix Il density alone are not sufficient to provide for the correct scaling
data shown in Fig. 1@,f), there is data collapse for neither factors, since a velocity scale would b,m, and a fre-

U(x) nor v(x)D vsw(x)/D. All U(x) curvesin Fig. 18.,)  quency scale would b&/ass/D, which both show scaling
show the same pattern of rapid growth towards a maximunith D different from what is observed.

value after which a moderate decline sets in. We have found \We believe that the underlying reason for the occurrence

no clear pattern in the andU values of the peaks, and there of the scaling laws is an important open question that de-
seems to be nw(x)/D scaling involved. Thev(x)D data  serves further study. Our data indicates that details of the
for Mix Ill shown in Fig. 13f) displays growth at lonwx pall-ball or ball-wall interactions are not importag@ithough
followed by a plateau, but there is no clear trend in thisrough walls lead to more frequent shocks, they do not alter
plateau value. It seems likely that both types of deviationthe nature of the scalingwhich suggests that a relatively
from the monodisperse scaling relations are linked to thetraightforward model may capture the phenomenology here.
stagnant regions behind shocks and thus to the threendeed, for pipeflow, where the geometrical cause of shock
dimensional packing effects discussed above. formation dissapears, leads to quite fragile behavior, which
The U(x) and »(x) data for polydisperse Mix Ilnot  only in the case of rough walls seems to reproducable and
shown are similar more to Mix I, while the Mix IV daténot  similar to small funnel angle behavior.
shown) are similar to the Mix Ill data. However, to make such a model one seems to need addi-
In conclusion, we find that for sufficiently strong polydis- tional information about the relation between ball densities

persity, the nature of the shock waves changes qualitativelyand velocities on one hand, and shock frequencies and ve-
and that scaling relations that hold for monodisperse flows inocities on the other.

effects of polydispersitycausingv to drop for highx as

either smooth or rough funnels break down. Finally, shock waves have also been studied in some other
geometries. Tsatt al. [7] examined a two-dimensional roll-
IV DISCUSSION ing pipe flow of 3.2 mm steel spheres between rough walls.

Partial blockage of the funnel outlet was used as an addi-

This work, in combination with earlier work on smooth- tional system parameter. These authors performed high reso-
wall-monodisperse flow$,6], leads to a number of conclu- lution ball tracking measurements of smélR cm sections

sions about the effects of funnel geometry, wall roughnessf the funnel and obtained detailed local measurements of
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v(x,1), p(x,t), T,(x,t), andv,(y). For an almost unblocked 30f 40f(¢)
flow with  D=19 mm they found »~0.4 1/s and U 25 30t
~14 cm/s, which is consistent with our data. % 20¢ <
Reydellet, Rioual, and Cheent[8] studied 1.5 mm me- S 15¢ 520
tallic balls in a vertical pipe flow with rough walls. The balls - 10} -
were not rolling on a support, and the rolling of balls sup- 5t 10
posedly played less of a role than in our experiments. They Ob oo 0 s
gualitatively observed the existence of upwards propagating 0 50 100 150 200 250 0 100 200 300 400 500
shock waves, using a “double flash technique” to study local q (balls/s) q (balls/s)
ball velocities and made measurements similar to those ir 250} (b) 3004 (a) ;
our Fig. 9. Note that their funnel was not continuously re- % 200t - g400—
filled from a reservoir and thus their studies were limited to = 150l =300t
the transient behavior. All our experiments are preceded by & <
>30 sec. flow in order to avoid such transient behaviors. = 100} el
Finally, Le Pennecet al. [9] studied a two-dimensional 50 100 ¢
rolling flow of 1 mm glass balls in flow geometries with very 0 e 0 e
large 8 (mostly 30°), largeD (typically 10—120 ball diam- 0.0 0.2 0.4!; 0.6 0.8 1.0 0.0 0.2 0."1\’ 0.6 0.8 1.0
eterg at various flow plane inclinations. Due to the different p p

geometry it is hard to make any direct comparison, although

these authors did measure shock velocities and frequencies, F'G- 14- Fundamental diagrams in rough wall flode.and (b)
Pipe flow studied in the interval 37x<74 cm for 8=0.0° and

D =15 mm. (c) and(d) Intermittent flow studied in the interval 0
V. SUMMARY <x<37 cm for 3=0.4° andD =20 mm.

The packing effects that we observed in earlier work on
monodisperse, smooth-walled floW,6] can be suppressed parison is not meaningful. For the rough wall pipe flow dis-
by either making the side walls rough or using polydispersecussed here, however, such a comparison can be made in
mixtures of balls. For rough walls, we find that there areprinciple. In addition, we will discuss our results for rough
more shock waves than for smooth walls as a result of thgvall funnel flows in terms of traffic flows.
greater disturbances in this flow. In earlier woik] on It is commonly assumed that there are three flow types in
smooth-wall flows we found that the average shock Speeﬂ'aﬁ’ic ﬂOW, name|y,uncongested f|0\&a Steady flow of ve-
U(x) scales withw(x)/D. We have found a similar scaling hicles at low to moderate densitiegjeue flow(a slow flow
for rough walls and observed that als¢x)D scales with  of near maximum densily and queue dischargéa flow of
w(x)/D for both rough and smooth wall$2]. By using ball  vehicles accelerating out of a queue flo0]. Traffic data
tracking methods we shed light on the shear flow propertiegre usually represented agq) (speed/flow relationor as
for rough walled flows. q(p) (fundamental diagramwhereq=puv is the flow rate.

In polydisperse flows between smooth walls we find that | F|gs 143_) and 14b) we show gray scale histograms of

our scaling relations persist for very weak polydispersity, bu ~ ; —Qo
breaks down for stronger polydispersity. This breakdown i;(q'v) and (p,q) for a rough wall plpe ﬂOWJG. 0% D
most likely caused by weak three-dimensional effects in the 15 mm). Note that we use the relative den$|tms~tead of
packing of shock waves, which apparently lead to partial- The average values, corresponding {o) andq(p), are
blocking of the funnel. By using ball tracking methods we shown as solid lines. In Fig. 1, we observe regions cor-
shed light on the shock structure and on the extended statiohesponding to queue flow and queue discharge, but there is
ary shock packings found in strong polydisperse flows. ~ Nno region corresponding to uncongested flow. As shown in
Fig. 14b), the flow rateq(p) has a parabolic shape with a

ACKNOWLEDGMENTS peak value aroung=0.6.

. - . . For larger values ob (not shown, the flow rates exhibit
_T_he authors wish to thank Ch”St'?n Veje for making thesimilar parabolic behavior, albeit with larger typical values
original rough walls. P.D. would like to thank Statens , ~ . N
Naturvidenskabelige ForskningsréDanish Research Coun- ©f v andg, and with theq(p) “parabola” skewed towards
cil) for support. M.v.H. would like to thank CATS for con- lower p (p=0.4—0.5 for D=20 mm, p=0.2—-0.4 for D
tinuing hospitality. =25 mm).
Figures 14c) and 14d) show the corresponding diagrams
for small angle, rough wall funnel flow aB8=0.4°, D
APPENDIX A: COMPARISON WITH TRAFFIC FLOW =20 mm. We find queue flow and queue discharge but no
To compare our flows to traffic flows, small angle, or uncongested flow, similar to what we found in earlier work

preferably pipe flows should be considered. In earlier workP" Smooth-wall funnel flow6]. In Fig. 14 we observe a
we made comparisons between smooth-wall funnel flowgarabolic shapedi(p). Similar plots for higherg (not
with nonzerog and traffic flows[6]. In smooth-wall pipe ~Shown exhibit “parabolas” skewed towards higher values of
flows, shock waves are extremely fragile, and such a come.
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APPENDIX B: VELOCITY AND FREQUENCY
DETERMINATION FOR PIPE FLOW

X (cm)

The method to obtain shock velocities for pipe flow data
is illustrated in Fig. 15. First of all, to highlight the shocks
that occur in the density plots, some smoothing and differen-
tiation is applied yielding a fields(x,t) as shown in Fig.
15(a). Clearly, shocks are now visible as bright stregkigh
values ofs) in a fairly even background. The temporal av-
erages of the spatiotemporal correlation function
C(x,Ax,At):=fdt s(x,t)s(x+ Ax,t+At), two examples of
which are shown in Figs. 1B) and 1%c) for x=130 and 170
cm, clearly show a dominant direction in space-time that can
be associated with the local dominant velocity of the shocks
this method of shock velocity determination works over the
whole range of parameters considered. In comparison to th[
RGE method, this method is more local, and often gives
slightly smaller estimate for the velocitig®rder of 10—
20 %). This is presumably due to the fact that shocks have a
tendency to perform intermittent jumps forward, making
their dominant local velocity smaller than the typical veloc-
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FIG. 15. lllustration of methods used to obtain shock velocities
and frequencies for pipe flow for the caseld»f 20 mm. (a) Modi-

fied density plot(b) and(c) Space-time correlation functions based
on data shown irfa), for (b) x=130 cm, andc) x=170 cm. Note
%at the scales d@), (b), and(c) are different, so that the dominant
%ngles appear differenid) Thresholded data used for determination
of shock frequency.

To obtain the frequency frora(x,t) is fairly straightfor-

ity obtained over longer timescales. Some effect of thesavard: after choosing an appropriate threshold, one obtains
jumps shows up in the correlation functions, where the brightwo-color images as shown in Fig. (. A simple algorithm
streak tends to bend for larger correlation distances and timguffices to count, for a fixed value &f the number of shock

intervals.

waves that occur.
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The shock detection algorithm RGQRelative density contrast
GradientEdge detectionused orp data is a refinement of the
GE method described in Ref5]. It is used to measurg (x)
andv(x). We use two versions: RGE4 with arres. of 25 cm

and RGES8 with ax resolution of 12.5 cm. The RGE algorithm
gives more reliable measurements of average shock frequency
v(X) but may still underestimate it under conditions with high

v and very lowp contrast. The RGE method does not detect
shocks withU<15-20 cm/s as reliably. This is only a real
problem in rough walled pipe flows.

This was not shown in Ref5] but with improved data analy-
sis[11] of the old data we find a decent data collapse when
plotting »(x)D vs w(x)/D.

The shock creation rates shown here have been hand counted,
and every shock that propagates upwards at least §nom
matter its strength or continued existenés counted. The
shock wave creation position statistics shown in Fig. 18 in Ref.
[5] were based on a image processing mettiwt—no longer
used, that only counted shocks of a certain strength. Conse-
quently this method showed a decreasing shock creation rate
with increasingw(x) (for smooth wall$.

[14] B. Painter and R.P. Behringer, Phys. ReW6Z 2380(2000.



