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Granular pipe flows are characterized by intermittent bieland large, potentially destructive solid fraction aions in the
transport direction. By means of particle-based numesoallations of gravity-driven flows in vertical pipes, weoghthat

it is possible to obtain steady material transport by addirigelical texture to the pipe’s inner-wall. The helical text leads

to more homogeneous mass flux along the pipe, prevents theyence of large density waves and substantially reduces tf 2
probability of plug formation thus avoiding jamming of tharficulate flow. We show that the granular mass fQuthrough a
pipe diameteD with an helical texture of wavelength follows the equatiorQ = Qo - {1— Bsin[arctar{2riD /A )]}, whereQq

is the flow without helix, predicted from the well-known Bele equation. Our new expression yields, thus, a moditicabif

the Beverloo equation with only one additional fit paramedeand describes the particle mass flux with the helical texith
excellent quantitative agreement with simulation resditse future application of the method proposed here hasdtenpal to
improve granular pipe flows in a broad range of processesuittne need of energy input from any external source.

1 Introduction pipe a helical texture, which leads to a more homogeneous
distribution of the particles within the pipe thus avoidith,

The transport of a granular material in flow through a pipe is &ormation of stable plugs. By means of particle-based nen. =
process of relevance for a broad range of scientific and techn ical experiments, we will show that it is possible to achi..e
logical area$. One fundamental problem in such transportflows with prescribed characteristics regarding the partics-
is that the material flow is intrinsically unstable and cleéea-  tribution within the pipe and the mass flow rate of the gra. ...
ized by large variations in solid fraction (density wavesng  material by adjusting the geometric properties of the Rr ua
the pipe*. These waves induce potentially destructive presshaped texture.
sure transients on the pipe’s inner-wall and provide thehmec
anism responsible for the intermittent behavior of the flow. . )

Although the dynamics of density waves in granular pipe2 Numerical experiments
flows have been studied extensively in the past both exper-
imentally>-1° and through different types of mod@ts11-19 We simulate the process using the Discrete Element Me hc
it is still a challenging problem to control the mass flux of (PEM), thatis, simultaneously solving Newton's equatiofs
the granular material flowing through a pipe. For eXampk:‘.,translational and rotational motion for all particles. Tées »
Zuriguel et al.2° showed how insertion of an obstacle just variety of models to describe the contact forces in DEM s.. > -
above the outlet of a silo can significantly reduce the probalations, which are suitable for different particle geometnd
bility that the granular flow is arrested due to the formapon material behaviot*~2° In the present paper, we assume is-
an arch blocking the silo’s outl&t. However, most of the pro- coelastic interaction in normal directi®hand apply a moa-
posed strategies to control the transport along the pipeniev  ified Cundall-Strack modé? for the tangential directiof?.
energy input from an external source, e.g. through apjdicat 1he corresponding forces read
of electric field$! or mechanical perturbatiohd?2.

Here we demonstrate a method to homogeneize the mass £, = min (o’ —p&32_ 3Anp\/§g> &, (1)
flux and avoid flow blockage in granular pipe flows without 2
necessity of applying any external source of energy to tee sy where

tem. Our method consists of adding to the inner-wall of the .
& =Ri+Ry—|r1— 17 (¢
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radiusReft = RiR>/(Ry + Rp), Table 1 Numerical values of the parameters used in the simulations.
A § parameter symbol value
p= 3(1-v?) VRt @) particle material density Op 2650 kg/n?
) o particle diameter d 1.2mm
while the dissipative parametdy; further depends on the ma- Young’s modulus v 108 Pa
terial viscositied”. While p can be computed directly from Poisson’s ratio v 0.24
material properties which are easily available for a vgradt Coulomb’s friction coefficient 05
materials, the viscosities needed gy are not directly avail- pipe length L 1m
able. To determind\,, therefore, we use a relation between timestep At 6x 10 7s
the coefficient of restitutiong, for the collision of two iso-
lated particles, the pre-collisional velocity of thesetjudes,
Vimp, andA,30-32 where the Pa&lapproximation is employed pe estimated using the equatfdn
as described elsewhéefe
The tangential force read Teol ~ 3.21(Mest/p)?/® .Vi;q1p/57 (5)
_ . " 4G whereMe = My /(M + mp) with my andmy, standing for
R=-min|u|F, ,/ﬁ\/ReffE ds+ A/ Rerié Vi &, (4) the masses of the/i(nteracting particles. Typically a tieya st

path smaller than about /50 is recommended. Since the cnl-
lision time Tq computed using Eq. (5) with the mate...
properties specified above is about(E) we use herét :
f6 x 10~ s, which is below the recommended upper bound for
At mentioned above.

The pipe has a circular cross-section of diamBterm anc
its length isL = 1 m. At timet = 0, N patrticles are placed 7

wherep is the Coulomb friction coefficient and is the shear
modulus, which is given by the equationG2= Y/(1+ v).
The integral in Eq. (4) is performed over the displacement o
the particles at the point of contact for the duration of tbe-c
tact?®. Moreover,V; = v& stands for the relative tangential

velocity at the point of contact, whe is the correspond- " L . . .
ing unit vector. The tangential dissipative parametgrchar- random positions within the plpe,.thREIS chosen such thf,ﬁ
e sum of the volumes of all particles amounts to a pres®* =~

acterizes the surface roughness and is chosen such that the . . L . J
prefactors of the normal and tangential deformation rafes ( _ractlo_nv(,, O.f the_ PIpe vqlume. The initial velocity of the pa
andv) in Egs. (1) and (4), respectively, are of the same ordePCIeS. in radial direction 'S chosen ra_ndomly betwe_er.u_anq .
of magnitudé®. Using this assumption, previous authérs with v = 0.01 /s, while the particles have vanishing ir
found excellent agreement between simulation results and etlal veloc!ty in the axial .d|relct|on\(z - Q)' Pe.r|od|_c bouna
perimental values of particle velocity profiles in a gravity ary conditions are applied in the vertica) (irection. We

. : ; . have performed simulations with pipes longer thas- 1m
\?vrtlavggt;ir;;? Tg\nix/p(in_mv%?t' By comparing Egs. (1) and (4) and found that the results presented in the next Section wi»
The integration was perfc.)rmed using LIGGGHBSwhile f[his vaIL_Je ofL are not affecteql by finite size effects. That <,
the values of the model parameters are listed in Tab. 1. Thiicreasing the length of the pipe does not change the re<-.

equations used for computing the forces between partics a

the internal (frictional) wall of the cylinder are the saneed 3 Results and Discussion

for modeling particle-particle collisions where one of tum-

tact partners is of infinite mass and radius. Moreover, irord We perform simulations using a constant particle diamet_,

to compute the viscoelastic constalyt using an analytical as specified in Table 1 and different values of pipe dianiate.

modef3, we assume a coefficient of restitutian~ 0.5 as-  We find that the flow behavior depends fundamentally ¢. ...

sociated with a pre-collisional velocitymp ~ 1.0m/s, which  pipe to particle diameter ratid, = D/d. ForDy, > 3 the flov

is of the same order of the average axial particle velocitiess intermittent and characterized byckggingregime where

found in our simulations as discussed below. Using these pahe average particle velocity in the vertical direction éarly

rameters and the material properties specified in Tab. 1, weonstant (Section 3.1). F@r, < 3 jammingoccurs thus le’ -

obtain Ay ~ 7.3 x 10°% and A, ~ 7759 for particle-particle  ing to blockage of the granular flow (Section 3.2). Followi-_

collisions, while for particle-wall collisions these vakiare the discussion of these distinct flow regimes we show i sec-

An~ 8.4 x 10 %andA; ~ 8913. tion 3.3 that adding a helical inner-wall texture leads tocaen
The integration time stefit must be small enough to ac- homogeneous solid fraction distribution along the pipe tfau

curately solve Newton’s equations for the particle intdoac ~ ducing the occurrence of clogging and preventing the fiv v w

For undamped collisions, the duratidg, of the collision can  jam.

2 | Soft Matter year, [vol], 1-12 This journal is @ The Royal Society of Chemistry [yea |



Page 3 of 12 Soft Matter

3.1 Clogging regime 0.03
Fig. 1a shows the evolution of the total kinetic energy of par = 0.025 @)
ticles flowing through a vertical pipe with, = 4. Since the E; _—
initial particle velocities in the radial direction are singhe § '
particles fall freely under the action of gravity during aitial & 0.015
time before colliding with the inner wall of the pipe. Colli- 5
. . . g 001
sions between the particles and between the particles and th =
wall lead, then, to deceleration of the particles and a degre 0.005
in the kinetic energy of the system. After a transient tirhe, t

energy gain of the particles due to gravity is nearly compen-
sated by the energy dissipation due to collisions such ket t

total kinetic energy fluctuates around a constant value. The 0.7
spatio-temporal image of the volume fraction along the tube -
(Fig. 1b) shows the emergence of density wayesith the =
development of recurrertlogging characterized by the for- 05 §
mation of plugs that is regions with high packing fraction 0-4§
(thick dark lines in Fig. 1b) which can either converge or di- 0338
verge with time. The flow is inhomogeneous and associated - E
with strong fluctuations of particle average velocities solitl

fraction both in time and position along the pipe. 01

Fig. 1c shows the spatio-temporal image of the area- 0

integrated particle mass flux per unit time along the tubés Th
flux is defined as,

1 T 2
M(t.2) = ppd (1. 2) va(t, 2] TD?/4, (6) WA (C)!

where@ (t,z) andv,(t,z) are the packing fraction and the av-
erage particle velocity in the vertical direction, respesy, at
time t within the volume elemenz+ dZnD?/4. The proba-
bility density distributionf (mg) of the mass fluxng = m(t,0)
at the bottom of the pipe, that is a& 0, is shown in Fig. 1d.
We see thaf (p) can be well described by a lognormal distri- ‘ : i
bution (fit represented by the dashed line in Fig. 1d). The ex- 0 3 6 9 %  i5 18
pectation value of this distribution is around092kg's and time [s]
nearly equals, thus, the value of mass flux associated with pl .
flow, denoted by the thick bright meandering lines in Fig. 1c. - A (d)
Moreover, the thinner lines in the spatio-temporal plot of
Fig. 1c denote faster moving particle groups and are ageacia
with different solid fractions, as can be seen from Fig. 1b. |
deed, these lines denote smaller particles groups whialrocc
in-between the plugs during the intermittent flow. Sincesthe
thinner lines align nearly paralell to each other, we codelu
that the small interplugs particle groups move all with hear 021 ; -
the same average axial velocity down the pipe, independentl o
of the value of solid fraction. Among these smaller groups,
the ones with the lowest (highest) values of packing fractio
are associated with the smallest (largest) values of mass flusig. 1 Granular flow through a pipe with,, = 4 (clogging regim-.
— that is to the thin green (red) lines — in the spatio-tempora (a) Total kinetic energy of the particles as a function of time; (b) and
diagram of Fig. 1c. In other words, the left (right) tail okth (c) spatio-temporal images of the packing fraction and mass fluy,
probability density distribution in Fig. 1d incorporatbéetlux  respectively, along the tube; (d) density distribution of the
due to the small inter-plugs particle groups with the lowesttime-averaged mass flow. The slope of the line at the lower rig..
(highest) solid fractions, whereas it is the flux due to plog/fl ~ corner indicates the average axial velocity of the particles.
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that dictates the expectation value of this distribution. age flux density, witHv;) denoting the average axial particle
We have calculatedi(rnp) for different values oD, within ~ Velocity. A scaling betweer\;) and the pipe diametdd can
the range between3and 70. Fig. 2a shows the respective be obtained by noting that the average flow rate is dictated by
distributions. We see that both the distribution width are e the behavior of grains within the plug zorfésEach plug zen
pectation value increase with the diameter r@ig Indeed, is associated with the formation of an unstable arch, thgttte’
for given particle size and volume fraction, both the péatic of which should scale witb. Particles falling after the brez.k
number and average axial velocity — and thus also the aveef an arch can accelerate freely due to the action of gravitv
age mass flux — increase wiBy,. Also the distance between thus leading to a scaling @f;) with v/'D3'. Therefore, a sca'-
plugs increases with the diameter rafig, which means that ing of Qo with D52 is expected. This scaling indeed governs
the small inter-plugs particle groups can accelerate thgdp  the mass flux of a granular material flowing out a silo thra 1gb

the larger the pipe diameter. an orifice of diameteD, which follows the well-known Bev-
erloo equatioR%37-42
2,0 ‘ : : : :
: (@ " D073 Qo =App\/G- (D —kd)**, (7)
— b ®
it T where the coefficientd andk must be determined from the '«
= ?’ . D =55 ] to the data. Such a scaling captures well the dependence o. ..
S0 | 1 Dzze,o i mass flux on the pipe diameter observed in our simulatior s — -
= ey A - D,=65 | the best fit to the simulation data is denoted by the contiauou
g os L + Dy=70 line in Fig. 2b.
g i It is important to remark that, in the regime of small pi~ . «w
particle diameter ratioB,, investigated here, the distribution
0, i of the flow along the pipe may be strongly affected by nen-
mass flux [10° kg/s] metric effects as the number of possible arrangements (f th 2
—— particles along the cross section of the pipe affects thbgro
| ® SE';"‘E';"O” bility of the formation of a stable arch (see Section 3.2)ctt 1

geometrical effects may influence the width of the prob#hil-
ity density distribution curves in Fig. 2a as the valuebgfis
changed — for instance, we see thatligy = 5.5 the distribu-
tion is narrower than fob, = 6.0 and 50. However, we find
that the mass flux increases monotonically With as it car

be seen in Fig. 2h.

mass flux [10-2 kg/s]

3.2 Jamming regime

4 5 6 7 8 The flow characteristics described above, with constant ave
pipe diameter [mm] age particle velocity and the formation of density waves 0

Fig. 2 Dependence of the mass flux on the pipe to particle diameterthe pipe, persist over the entire simulation time, which was

ratio Dy. The particle diameter id = 1.2mm. (a) Probability larger than 1000s (real time of the_ phySiC_aI system), ];Or all
density distribution of the mass flux for different valuesyy. values ofDy > 3. In consistence with previous .StUd?éé '
Symbols denote simulation results, lines denote fits to the data using/€ find that, forD, < 3, jammingoccurs thus leading to cor .-
lognormal distributions; (b) expectation value of the mass flux as a plete blockage of the granular flow. As an example of the 1.c..
function of the pipe diametdd. Circles denote simulation results,  in the jamming regime, we show in Fig. 3a the spatio-ten., .. ...
the solid line corresponds to the best fit to these data using Eq. (7), diagram of the packing fraction f@, = 2.5. As we can s
which givesA ~ 1.09 andk ~ 0.59, with correlation coefficient in this figure, after about.8s, a large, stable plug is forme
R2 ~ 0.998. which corresponds to the dark horizontal lines in the spc.tic
temporal diagram. Indeed, this plug does not break u_ «viu:
the impacts of the smaller particle groups that fall ontdrt
Moreover, in Fig. 2b we see the time-averaged flux, that isorder words, the frictional forces that yield the archs iegu
the expectation valu€y = (Iy) as a function of the pipe di- to plug formatior? are strong enough to sustain the downward
ametemD as obtained from the simulations (circles). Note thatpressure on the granular column.
this mean flux can be written &% = jA, whereA= niD?/4 is Our simulations show that, although the critis) ~ 3.v
the area of the pipe cross-section gnd (v,) ppV, is the aver-  below which complete blockage occurs is robust with res sec:

4 | Soft Matter year, [vol], 1-12 This journal is @ The Royal Society of Chemistry [yea |
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1 = 0.7 jammed simulationsyam as a function of time.
(a) 06 _ We see thatjanm is shifted to the left a¥), increases, which
0.5 g means that, statistically, the flow jams the earlier thedevgy.
E 45 4 0.4 E In order to collapse all curves, we first calculate the tiget
N 03 = which njam becomes larger thanD%. This time is shown a<
0.2 3 a function ofVj, in the upper inset of Fig. 3b (circles). A .it
0.1 to the data usingy = agV; 2, denoted by the continuous "n~
0 y 0 givesag ~ 0.012s. The main plot of Fig. 3¢ showgy, as &
0 1 dmels 2 3 function of (t —to)/1, wherert is the time required for 50%
L e S L S of the simulations with a givel, to jam. As we can see 1
o V,=0075 the lower inset of Fig. 3c, this characteristic tintex{ 1.6 s) is
og |7 LT nearly independent af.
» o V(p: 0.125 . -
L1 V20150 These results can be understood by noting that the ;==
— 06" szoﬂs ming probability increases with the probability that a se*

arch along the cross section of the pipe is formed (and -3
with V). This probability further depends ob,, which
controls the number of possible configurations of parti~'~~
arrangements along the pipe’s cross-section. For a cdi 5.7 1
Vyp = 0.175, we computej,m, for different values oDy = 2.7
2.6, 27, 28, 29 and 30 (see Fig. 4a). We see that fbr,

jam

c

081
: 0.6
5
< 04
i 0.2
£ :
k=S 0 ; : ; .
c 01 1 10 100 1000 10000
time [s]
(b) (c) (d)
Fig. 3(a) Cumulative distribution of the numbejm of jammed Fig. 4(a) Cumulative distributiomjam as a function of time for

simulations withDy = 2.5 (jamming regime) as a function of time  djfferent values oD, and for constari,, = 0.175. Note that the

for different values o¥y; (b) njam as a function of the rescaled time  time is in thelogarithmicscale; (b)-(d) show two-dimensional

(t —to)/T, wheretg andt are the times at whichjg, is equal to arrangements of particles along the cross section of the pipe Wiu.
0.1% and 50%, respectively. The continuous lines in the upper and giameter ratio®, = 2.5, 29 and 30, respectively.

lower insets denote fits to the simulation data using aoV’2 and

T = ar, which giveag =~ 0.0125s, with correlation coefficient

2 - L . .
R®~0.98, andar ~ 1.6s. within the range 5 < D, < 2.9 the flow jams earlier '

smallerDy, whereas this trend af,, with D, is not obeyer

by the curve corresponding ©, = 3.0. The latter curve

shows the largest jamming times among[@y in Fig. 4. ~ -
to the filling volume of the particles relative to the pipevol understand these results we consider the two-dimensinr~"
ume,Vy, the time needed for the blockage to occur depends onangements depicted in Figs. 4b-d. By = 2.9 (Fig. 4c) tue
this parameter. To quantify this dependence, we perform 10frobability of stable arch formation is larger than By = 2.5
numerical experiments for each value\gf usingDy, = 2.5  (Fig. 4b), because in the former there is a higher probsuwi
which is within the jamming regime. Fig. 3b shows the re-to obtain a particle chain with a larger inter-particle @uw.
sulting normalized cumulative distribution of the numbér o area and thus a larger tangential force counter-balanbie 4 .

This journal is © The Royal Society of Chemistry [year] Soft Matter year, [vol], 1-12 | 5
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particle weight. However, a linear arrangement of the parti
cles paralell to the cross-section of the pipe can be redched
Dy = 3.0 (Fig. 4d), which dramatically decreases the proba-
bility of stable arch formation. Of course a much larger num-
ber of configurations is possible consideribg > 3.0 and
three dimensional arrangements. However, although we in-
deed did not observe complete flow blockagelgr> 3.0, the
flow in this regime is intermittent and characterized by dgns
waves and intermittent transport as discussed in Sectibn 3.
and demonstrated previousl§.

Therefore, in the following our aim is to develop a method
to homogeneize the flow thus avoiding the formation of den-

sity waves that lead to jamming in granular pipe flows. ! (b) i
0.6
3.3 Flow homogeneization by means of helical inner-wall 05 §
texture E o5 04 &
N 03 ©
Experiments aiming at reducing erosion damage from skirrie =
in pipeline bend$® showed that pipes which encourage swirl 0z @
can get particles into suspension at lower pumping power and 0.1
pressure drop than a round duct. Inspired by this obsenatio 0 0
we investigate the vertical flow of a granular material down a B 1.5 S0 4.5 6.0
pipe of circular cross-section that has a helical inne-teat time [s]

ture as deplcted InFig. 5a. Thl.s textur(_a IS consutgted atlsm Fig. 5 (a) Flow of granular particles (blue) through a vertical pipe
beads of diametet; = D/10, which are fixed to the inner-wall with Dy = 2.5 to which the helical inner-wall texture (constituted

of the pipe and have the material properties listed in Table lihe red beads) is applied. Initial maximal radial velocity is
Each constituent bead is fixed to the wall at its center suath th V;nax =0.01 m/s asin F|g 3; (b) Corresponding spatio_temporaj
half hemisphere of each bead is within the inner volume of theliagram of the solid fraction along the axial position. The slope Hf
pipe. The diameter of the pipe in the presence of the helix ishe line at the lower right corner indicates the average axial velouiy
adjusted such that the total volume within the pipe is theesamof the particles.
as in the simulations without the texture elements.

Fig. 5b shows the spatio-temporal diagram of the packing
fraction for the flow within a pipe witlD, = 2.5 and using
the same parameters as in the simulation of Fig. 3a. As wéf the helix reduce the average axial velocity of the paeti (
can see jamming does not occur in such a pipe in the pregvhereas an increase in the mean radial velocity is observeq
ence of the helical texture. A steady downward flow of the(cf. Figs. 6¢, 6d). Therefore, by introducing the helicatte
granular material is observed, whereas the particles are mo©f Fig. 5a, jamming can be prevented at the cost of a low.
homogeneously distributed throughout the pipe compared téate of particle flux down the pipe.
the simulations without the helical texture. Such improeem We find that the average mass flux depends significant:, _..
is observed without regard of the average radial velocity ofthe wavelength of the helixd. To illustrate this dependenc
the particles. Indeed, in Figs. 6a and 6b we show the spationve show in Fig. 7 the spatio-temporal plots of the solid fre.c
temporal diagrams of the packing fraction without and withtion for different values ofA obtained in a simulation w.. .
helix texture, respectively, for the same pipe diameteftaut D, = 3.5 (which corresponds to the clogging regime desc.
an order of magnitude larger initial radial velocity. We seein Section 3.1). We see that the thick lines associated Wwé'.
that the thick dark lines in the diagram of Fig. 6a are absenplugs in Fig. 7a give place to an increasingly more homcg.
from the simulation with the helix texture (Fig. 6b). The flow neous flow ag\ decreases (cf. Figs. 7b-d). From the slc . u.
in presence of the helix takes place through smaller particl the lines in the different spatio-temporal diagrams, we ak=
groups rather than through large plugs as in the convertiondhat the average particle axial velocity increases Wit his
duct. This result can be understood by noting that, as the paresult can be further seen from Fig. 8, which shows the prob-
ticles collide with the beads fixed on the inner-wall, theg ar ability density functionsf (mg) of the mass fluxmg (cf. Sec.-
deflected to the center of the pipe, thus hindering the fdonat tion 3.1), for different values oA. As A decreasesf (rg,
of archs. Moreover, collisions between particles and tlaglbe approaches a Gaussian shape, that is, it becomes mor¢ sy n-

6 | Soft Matter year, [vol], 1-12 This journal is @ The Royal Society of Chemistry [yea |
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Fig. 6 Granular flow through a pipe with, = 2.5 and

v"aX—=0.1085nys. (a) Spatio-temporal plot of the solid fraction
along the pipe without helix; (b) same plot for simulation with the
helix; corresponding average values of the radial (c) and axial (d)
velocities along the pipdy;) and(va), respectively. The slope of
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Fig. 7 (a) Spatio-temporal plots of the solid fraction along a pipt
with Dy, = 3.5 and without helix; the subsequent figures show the
same plots for simulations with an helix of wavelength- 1m (b,
50mm (c) and 15 mm (d). The slope of the line at the upper ri- ..
corner in each plot indicates the average axial velocity of the

the line at the upper right corner in each plot indicates the average particles.

axial velocity of the particles.

This journal is © The Royal Society of Chemistry [year]
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e i wavelengths) deflate the particlesappositedirections. We
i a=1m thus need to calculate the rate with each the particles gain r
=50 mm dial momentum due to collisions with one single hemisphere.
81 A=25mm The total rate is then twice the contribution from one ha'e-
A=12.5mm .
o B38 rrT hemisphere.

Fig. 9 represents both hemispheres unravelled fron. th -
inner-wall as two right triangles, each with led® ard
A/2. Note thatA/2 is the length corresponding ta/2
beads, which is the contribution of each hemisphere to In-
, ; ' crease the radial momentum along the pipe’s cross ser -
0 05 v 15 2 tion. Moreover, the rate of axial momentum dissipation

mass flux [107 kg/s] due to each hemisphere must scale wjith, the compo
nent of the particles’ average axial momentyos perpen-
dicular to the hypothenuse of each triangle. Each of hntt
hypothenuses in Fig. 9 encompasgsg&® beads correspond-
ing to one helix halve-wavelength. Therefomgyissheiix 0
2p1 = 2posin[Op /2], whereOp , » = arctannD/(A /2)]
(see Fig. 9). Following our assumption th&@gisshelix

P, Y ‘Lpo

probability density [-]
[}

Fig. 8 Probability density distribution of the mass flux through a
pipe withD,, = 3.5 (that is, pipe diametdd = 4.2mm) for different
values of the helix wavelength.

metric, while the expectation val@= () of the mass flux
also decreases.

In order to quantitatively describe the effect of the helix
wavelength on the mass flux, we first note that in the steady-
state, the gain in momentum of the particles due to gravity o
is fully compensated by the momentum loss due to collisions
with the pipe’s inner-wall as well as with the other particlén
the presence of the helix, there is an additional contrilputd
the rate with which axial momentum is dissipated. This con- L J
tribution, Paisshelix, i due to collisions of the particles with D
the beads composing the helix. It is reflected by a relative de
crease in the magnitude of the steady-state axial velogity oFig. 9 Schematic diagram displaying the average axial momenti'™
the particles, compared to the value without helix, as degic Po and the equivalent angfey, , /» = arctarinD/(A /2)], which
in the example of Fig. 6d. Therefore, the steady-state Qux dictates the energy dissipation over one helix wavelength due to

in the presence of the helix relates to the f@ywithout helix collisions with thens/2 beads composing one halve-wavelength f
through the expression the helix. The componernt; = ppsinjarctarinD/(A/2)]] is also

indicated. The horizontal arrows along the helix indicate the
Q = Qo — Quisshelix; ®)

direction from the helix to the central axis of the pipe.
whereQqisshelix IS the amount by which the steady-state axial . . .
mass flux is reduced when the helical texture is present. should be proportional tpgissheiix, We can writeQuisshelix ~

In the small pipe to particle diameter ratio investigateehe 2PQosin[arctanimd/(A/2)]] = 2bQy - 21D/, A%+ (2mD)?], -
it is reasonable to assume that the average mass flux in téherebis a parameter that encodes information on the di~st-
axial direction is proportional to the average axial momen-Pative properties of the collisions. Thus, from Eg. (8),

tum of the particles, and th&yisshelix iS nearly proportional Q 21D
to Puaisshelix- AS a result of particle-helix collisions along the a =1-B- \/)\Z—W ) ©
pipe, the particles are deflated to the pipe’s central axishwh 0 +( )

is why there is an increase in the average radial momenturwhereQq is the flux without helix and the constat= 2b en-
when the helix is present (see Fig. 6¢). However, we noteodes information on energy dissipation due to collisioit ..
that due to symmetry, for any radial direction, the contribu the helix. Thus, the value & should depend on the materi~:
tion of the collisions to increasing the radial momentum atproperties and particle diameter. To verify Eq. (9), we cuini-
the upper half of one helix wavelength is the same as at thpute the expectation value of the flug,= [qf,(g)dg as a
lower half. For a given pipe diamet@ and an helix wave- function of A, wheref), (q) is the probability density functiu.
lengthA made up ohg beads, the collisions between particles associated with the wavelengthas shown in Fig. 8. The . -
with ng/2 beads from the upper and lower hemispheres (halvesult of this calculation is denoted by the symbols in the n an.

8 | Soft Matter year, [vol], 1-12 This journal is @ The Royal Society of Chemistry [yea |
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plot of Fig. 10b, in whichQ appears rescaled witQy. The  flux. By fitting the simulation data using the equation
continuous line denotes the best fit using Eq. (9), whichgjive

B~ 0.74. As we can see from this figure, the agreement be- o 1-C. 2nD (10)
tween Eqg. (11) and the simulation results is excellent. oo \/m ’
we obtainC = 0.9. This fitis denoted by the continuous line in
v, (m/s) (a) g the inset of Fig. 10b. Therefore, both the flux and its stemh~~*
Z 0 -1 = » deviation can be obtained from the geometric paramete s of
< -’ ' il the helix using Egs. (9) and (10), respectively.

Moreover, from Eq. (9) we obtain a modification of the B »v-
erloo equation (Eq. (7)) for the flow of particulate matesial
a vertical pipe of diametdD in presence of an helix of wav »
lengthA. By replacingQo in Eg. (9) by the right-hand-side ~*
Eq. (7), we obtain,

L ol -

Q= Agy/G(D— kd)?®- {15.

ZHD] } 1)
A2+ (2nD)?

The circles in Fig. 11 show the mass flux as a funct” .. _°
the pipe diameter obtained for a constant helix wavelen:- .
A =25mm. The corresponding fit to the simulation data uc.y
L, T Eq. (11) is shown by the continuous line and gives: 4.2,

0 0.05 0.10 0.15 0.20] k=~ 1.13 andB =~ 1.05. We see that the agreement witii .ic

04 Ny [mm_l] data is very good. However, obviously Eq. (11) can only ¢
(b) * .
L L L L L L L
0% 0.05 0.10 0.15 0.20 @ 07
- (@)] L
4
UA [mm ] 2ol
2
Fig. 10(a) Snapshots of simulations without helix and with helix of g 05t
wavelength valued = 25mm and &5mm (from top to bottom). =
Dy = 3.5 and in the figures a 70mm long excerpt of the pipe is @ I
shown. The small particles composing the helix are coloured black g 0.4r @ simulation, A =25 mm
and there are 44 of such particles per helix wavelength; (b) main Ve — Eq.(11)
plot: expectation value of the mass fl@as a function of 1A, 0.3¢
whereA is the helix wavelength and the parameters are the same as AT

in Fig. 8. The flux is rescaled witfy ~ 7.4 x 10~3kg/s which
corresponds to the calculation with no helix, or equivaleAthy .
The continuous line corresponds to the best fit to the simulation dat#ig. 11 Expectation value of the mass flux as a function of the pir~

pipe diameter [mm]

using Eqg. (9), which giveB ~ 0.75. Inset: non-dimensional diameterD for simulations using an helical inner-wall texture wit.
standard deviatioor/gp as a function of 1A, where A = 25mm. The particle size i$= 1.2mm and the solid fraction

0o ~ 2.5 x 10~*kg/s is the value otr with no helix. The Vy = 0.15 is the same as in Fig. 2 (which considers simulations with
continuous line denotes the best fit to Eq. (10), which gives0.9 no helix). Circles denote simulation results, and the continuous .uic
with correlation coefficienR2 ~ 0.983. denotes the best fit to these data using Eqg. (11), which gived.2,

k ~ 1.13 andB ~ 1.05, with R? =~ 0.976.

The inset of Fig. 10b shows the rescaled standard deviatiowalid for the regime of small pipe to particle diameter 1auu
of the flux, o/0p, as a function of 1A, whereqy is the stan-  investigated here. Indeed, the fit in Fig. 11 shows a maximum
dard deviation obtained in the simulations without helieT at Dy ~ 6.5, and predicts negative flux values g 2> 1.
value ofag/ay gives a measure of the homogeneity of the fluxMoreover, ast — 0 the flux through the pipe must follow v <
along the pipe — the smaller the more homogeneous the original Beverloo equation witlQy corresponding to a pir =

This journal is © The Royal Society of Chemistry [year] Soft Matter year, [vol], 1-12 | )
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with no helix and diameteb — ds, whereds is the size of the
spheres constituting the helix. Further work is thus neaded
order to elucidate the dependence of the coefficiants, C 1
andk on the number of helix beads per wavelengttas well
as on the particles’ frictional and dissipation properties
Our results raise the question whether other inner-wail tex

ture geometries have a similar effect as the helical one. We 0.5}

thus perform simulations using, = 0.15 andDy = 2.5 with
the helix geometry as well as with three further alternatixe

tures (Fig. 12).
i(b) Wl ()
|
1 |
.|
& |

Fig. 12 Alternative texture geometries: (a) rings, (b) randomly
distributed and (c) vertically aligned beads fixed on the inner-wall of
the pipe. The number of particles constituting the different textures
is the same as for an helical texture of wavelemgth 23mm.

z[m]

The first of these alternative geometries consists of rings
disposed perpendicularly to the transport direction alirey
pipe axis and with spacing equal fa Each ring is made
of the same type of beads that form the helix, and the num-
ber of beads in a ring is equal to the number of beads in one
wavelength of the helix (Fig. 12a). The spatio-temporat dia
grams obtained with the helix and with the rings are shown in
Figs. 13a and 13b, respectively. We see that the texture made
of rings does not favour steady flow in vertical pipes as does
the helical one. Directly on top of each ring there occursiacc
mulation of particles and the formation of dense plugs which
can lead to stable archs thus eventually causing blockage of
the flow.

The second alternative geometry consists of disposing the
constituent beads of the texture randomly over the entirerin
wall surface of the pipe (Fig. 12b). Hereby the same to-
tal number of constituent beads as in the helical texture is
applied. By comparing the corresponding spatio-temporal
diagram (Fig. 13c) with the one associated with the helix
(Fig. 13a), we see that the latter texture geometry yields
larger particle flux — the particle axial velocity for the he-
lix geometry is 071 m/s, while for the random texture it is
0.39m/s.

time [s]

0.7
0.6
0.5
0.4
0.3
0.2
0.1

solid fraction [-]

?—'ig. 13 Spatio-temporal plots of the solid fraction along the pipe fcr
different types of inner-wall textures: (a) helix, (b) rings, (c)
randomly distributed beads on the pipe inner-wall and (d) bea...
forming a single line that is paralell to the pipe axis. The slope _.

Finally, in the third alternative geometry the particles ar the line at the upper right corner in each plot indicates the average
arranged into a vertical line fixed on the inner-wall over theaxial velocity of the particles.

entire tube length (Fig. 12c). The spatio-temporal diagodm
the simulation using such a texture, shown in Fig. 13d, dis-
plays the occurrence of dense plugs and inhomogeneous flow.

10 | Soft Matter year, [vol], 1-12
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Overall, the flow using the texture geometry in the form of awhich is already close to its highest packing fraction assoc
helix or using beads disposed randomly along the pipe is morated with the jammed stated, is driven to a shear-jammesl stat
homogeneous than the flow using the linear texture geometrypy application of a shear stress under constant defisfty/
Based on the results of our simulations, we conclude that We believe that application of the helical texture press 1te
the alternative textures are inferior to the helical inmatt  here could be used to enhance not only gravity-driven ri=a
one since they lead either to inhomogeneous flow or to smalleitows but also fluid-driven particle transport through bath
mass flux values. through vertical and horizontal pipEs>°, which remains. to
be investigated in the future. It would be thus interestim i t
perform experiments on vertical or horizontal pipe flows tna
include an helical inner-wall texture to verify the predbcis
m our numerical simulations.

4 Conclusions

In conclusion, we have presented a method to obtain steaJ{/o
flows of granular materials through narrow pipes, which con-
sists of applying a helical texture to the pipe’s inner wadl. Acknowledgements
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