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ABSTRACT

This study aims to investigate the effect of wedge-shape hopper angle on jamming of 2D
granular material under vertical vibration. The cylindrical particles used in the experiment made
from hardwood 10 mm in diameter and 6 mm in length with smooth and dry surface. There were
350 and 500 particles, which randomly placed inside the hopper. The hopper angle was 10 — 50
degrees which were lesser than the granular material’s repose angle. The hopper opening size had
2 — 6 times larger than the granular material’s diameter. The granular material was freely flowed
and vertical vibrated with 5 values of dimensionless vibration acceleration ranged from 0.011g —
0.307g which changed according to the frequency of vibration. The amplitude value of the
vibration was constant at 5 mm. The result showed that the increasing of hopper opening size,
dimensionless vibration acceleration value or hopper angle size decreased the jamming ratio,
jamming probability and hopper emptying time that implying more mass flow rate. When
increased the number of particles, granular material was freely flowed or vertical vibrated with
low dimensionless vibration acceleration, the jamming increased. However, if granular material
was vertical vibrated with high dimensionless vibration acceleration, the jamming decreased. In
addition, jamming was caused by arching of granular particles at hopper opening. The pattern of

jamming was not related to the time and the number of outstanding material and mostly



asymmetric and highly variable. The more hopper opening size and the lesser hopper angle size,
the more number of arching particles and curve.

Keywords : Granular Material, Jamming, Hopper, Vertical Vibration
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1: (Chase , n.d.)
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goilnlofsiiisziia nazenillossian Wudu uazdnyiianeseronuyiag luamme
@2UUAUNA1S (Core flow hopper) 11 aptlloijifisziiaivouilaiaqilusiamaoy uay
golliloszinssnszuenifigiunuunazveutlataailugiienay Hudu (Chase, n.d)
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ANNINN 2.5 ﬂi’)ﬁWN'ﬁﬂll‘U\i@@ﬂulﬂlﬂu 3d@IUNAN llﬂllﬂ
1. dauuugﬂmmsweﬂ (Cylinder section)
2. fhuﬁlNgﬂﬂi’JfJ (Hopper section)

[

' 1 @ " o Y Y 1 J Y o J
3. ¥091a087a9 (Hopper opening) Muua lvilaumugudna1elsdyanyal D

CYLINDER SECTION

HOPPER SECTION

MWN 2.5 duilsznovvessoinlod

s o Y} o ' &L Y Ay v
LHYUTITA (Maynard, 2013) hlmmzmﬂlmmmmuuugﬂmdﬂi:ﬂ@ﬂlumamum“lu

miladan awnsavesmsyludinanginsrenda ldnnaunsi 2.1
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H=m/(p/A) (2.1)
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Falaona ludrserlnled juauminag sy 10 semniunulag

Maynard (2013)
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WINANYUIFIANTUYDINIT (Wall friction angle) A3n 1NN 2.6 1ive LilWTiTdaiaana1q (Self-

q
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tuunoonlailu 8 daymeail
1. m'i”lviaLmumwwi’a@gd’muﬂuﬂanﬁa Funnel flow (Ratholing or Piping)
2. 9A51M3 Inad (Flow is too slow) ABBATING Inavenyae Taadnuun
1 A ORI A A v 3 i . 2
3. hilnariesninmsvaaanunseisesnailulay (Arching or Doming) AN
A ] [ Y a Y U oA o W A =\ a
woumiunnwerhldinamsad wazinumsvaguiesoas o nins wnnnu i
4. 91N1AUNTNAD (Flushing) 1navndeae lulususenuruuinwe i ldina lay
= o v = ' Y o q ¥ o o Y o R =
A nanausanenomasanz g la iilvenaunsnaa 1 ludag 18 Yaquiads
9
Tvad
Y] <3 [} . =1 9 1Y) <3 a ~
5. Jaquiia liaeon liviua (Incomplete emptying) HimMsaeAavoeiaguialuusnum
i56n “Dead space”
d 3 a X A @ 2 Aq Y ]
6. MIUBNFU (Segregation) (NAUULNDINNIFQLAN 1FNVLIALASANNH LY
1 Y I < A A = A~ ] 1 a ' '
A1 T uranI9INMI AUHaZNIAa0 UNFUVBIDYNIANTULIALGNNHIUDTIUFDII I
ILHINOUMAYUIA NN
v o @ < A ] | . 4 @ A4 2
7. M3sawaInuvesiaquiailionariu 11 (Time consolidation) luvaieiaaiiions
Y a = o 1 o Y o ' @ dy
P sginanmsizesdrini i ldigauindy
@ < a o =) 1 4
8. nsvuiuneu (Caking) :NAIINWUTLIAT-AENINTZHI19OYATIALHBI9IN
Y
AN (Chase, n.d.)
g dy & [ 9 SA o
et lulyrivanvesnsgaainssulunisldsetulosAeonsinis lnaves

T oA ' ' J o I a A o & g 4
E]lélﬂWﬂulllﬂQ‘Vl uaﬂuazmnmﬂwamuaaﬂulai ’Jﬁﬂluﬂﬂzlﬂﬂﬂﬁﬁﬂﬂlﬂ%\?Lﬂuﬂi1ﬂ§]ﬂ1§'m
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An'ldtes i l¥deslinsdnuIvelulszifuil Taenganssums lnasenvinaetiles

A o 9y

[ v o 2 @ <
(Hopper discharge behavior) ﬁuwuﬁﬂ‘umgmmumi"lwamcﬁwmumama@mesfl,u

goluloiuaznuainiAvesanilinlos (Cheng, 2012)
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mslralugeiles (Hopper flow)
@ < J = 1 ' o
Tums lvwasenvesiaquinangetiles aliginuums nadsuuednuanyauzues
H Y i
gotlosnariaauianly duiuiel¥msIvailullediaiidszaniamuaziszaninads
Tufludesdnuaziinnudiladaglununislvaluseiles uazgiimsfannuansa
é IS A v dy
M3 lna aaliseazideaasll
1. guuuumslvalueethlos (Flow Modes) ioviimsanpigiununisInaves

[

v
aquialugeiltles wuduseonilu 2 ¥iialua) 9 laun ms lvanuuiaglnasenianua

Q

[
A A A

(Mass flow) uazmi"lwmmumww’Tﬁ@gdammuﬂan (Funnel flow) TunsANNAYINANTT
)
Ivansdoauus WY (Expanded flow)
1 g}/ A é v g’/
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agnodluseiiosazindeun Tunanuann o durisaaeanuinida ua lusuiluded
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' 9
mutvzegia linams tva nazenu ms vansdosmuuswnu Ae daunuginsanszuen
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[ g’/ (Y 4 g’/ v
uuuide lnasennisnwa jiuuums lnavesdag luselulesnsmumuuamsonanslas

MWN 2.7
D
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o R ACTIVE FLOW :

i A ‘ "‘* * S ‘ V|| FunnEL
T _ 1| T MNIMUM LEVEL / v Frow
-~~~ | FormassrLow | "¢ | — stagnant b
[T INHOPPER IS - wi o REGION Lo

075T01xD It S
[ | .'I_
' MASS FLO
(A) MASS FLOW (B) FUNNEL FLOW (C) EXPANDED FLOW

] 9
i 2.7 guuuvesns lualugetles (a) msInanuuiag lnasenianus

9
(B) ﬂ”lill‘]riaLLUULQWT%?ﬁﬂﬁ?ULLﬂUﬂaN uag (C) ﬂﬁ“h’iﬂTNﬁﬂ\uL‘]J‘Ui’JiJﬂu

=D.

1: Chase (n.d.)
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uuudee lnanavua aegil 2.4n) Anaruuds Tasyuveseeiiloinisiyueglusie o - 40
DIFINULIULAUAY (Chase, n.d.)
2. 3M3taANNaINITavedIMs wa lumsiasananuaiisalums aved
Taauia doel¥ginsaluazismanne q hanae Taeialiida 3 6 T5hdouls Taun
2.1 JunN® (Angle of repose) (Zhou, Xu, Yu, & Zulli, 2002; Ileleji & Zhou, 2008)
2.2 A%HN139A (Compressibility index or Hausner ratio) (Grey & Beddow, 1969)
1 v
23 m*s"lwa“lum%mmmmmgu (Flow in a rotating drum) (Nalluri & Kuentz,
2010; Pirard, Lumay, Vandewalle, & Pirard, 2009)
2.4 mi"lwavimgg'ﬂﬂ (Flow - through an  orifice) (Ahn, Basaranoglu, Y®lmaz,
Bugutekin, & Gul, 2008)
d A
2.5 1yaaoU (Shear cell) (Carr & Walker, 1968)
2.6 115945 1019193 (Rheometers) (Freeman, 2007)
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uHIRANNENVBINUMIAATA
J @ < 1 { a
TumsideeiaauineenainlyTadeuseIduannueslantinur Tdunszuuaging
a o X @ < a @ @ 4 a v v W
nMsanvaru M3 liavesiaguiaoiamnamsvganuuiuinulaiiowinnansvaiinuue
@ < . A ' ' @ ) Y 1 o <
AqQuila (Arching or Vaul)) tovuiasesilaesiag lulativuiaunnnvuiavesiaguia
[l <] A A A ' ' o A A o
110 9 8819 lsimunenitiennmInaniasansaavnaresllass Taqiomiueas g lva
1 I~ a % Yas d' [ [
(Flow rate) Hazaanuuvziluaeinisanda ansalsismsiediuilgens lnavesidg
] Y Y o (B < @ =~ 4 i A & . .
wia lddremsau lugitlumsdummwizi (Local vibration) H391952 U (Global vibration)
1 < A Y a o 49! = & a v o W o
9619 15NN NFALAITZ UV INNANITYAAUTN FUTUHANININMFINAMITAAINUYDITEY
< l @ v o W @ < 1 o v
Warunu Tassadumsvadanuvesiagquiaainnsonganslna lduiiissuuszgndueg

9 [Y]

< 3y ¥ [ 3 9 o Y o A Yo
A 18 13 lsimumsTaeansagnaateviilvnauin lva ldiuiininszuugn1asums

A

v 1 A 9 1 1 v o I v 9 1
NITAUDYINABIUBY Llazﬁ?ﬂﬂ?ﬁﬂﬁ%ﬂﬂﬂﬂ?ﬂ@]ﬂluﬂﬂqﬂqﬂN?I mtﬂu%m%manammm
= 2 4 o Y 1=y a o . y A . .
meueniuInUUiem by lidnisaada (Unjaming) (Mankoe, Garcimarti, Zuriguel, &

Maza, 2009)

= o & 1 9 a v Y A A @ 1% 2 A a 1

@ﬂuﬂﬁuﬁﬂﬁTJhlﬂ'ﬂﬂTﬁﬁWllﬂlﬂut!iﬂﬁTuﬂTﬁLﬂﬁ@u‘l’lW”I‘l!ﬂ‘l!ﬂl@ﬂﬁ?fﬂlllﬂﬂlﬂﬂ@ﬂ?ﬂ
laiminuou (Albert, Pfeifer, Barabasi, & Schiffer, 1999; Albert, et al., 2000) M3 HgANTIAROUTN
a A A A 1 A ' o 3 = 1 v A @ Y 1 vy Y
INANDUNITIVONABLATDVUIY (Network) sUf’J\T'Jﬁﬁ]LﬂJﬂ“])’\‘ithﬁTN']iﬂﬁ)ﬂLifNﬂﬂlhlﬂslﬁll EJﬂL'JuGlW

A A g A Yt 2 A A Y 2 2 g A
LININUINND ﬂgﬁﬁ1Ulﬂ5i’)sllTﬂuuLW@ﬂlﬁNﬂ1§Liﬂlﬂﬁ@uﬂ6\Ji’N'Jﬁﬂli]ﬂ’l’)ﬂ‘ﬂiﬂ eumﬂumsmn&
[ g I 1 I [ g’/ 1 ] .
manibflufisadawan o vesiagninuaezilsznonlaldre119Ta159 (Force  chain) 992
Y H [
AUGAUANHUINFUSNUTIY (O’Hern, Langer, Liu, & Nagel, 2001; Coppersmith, Liu,
Majumdar, Narayan, & Witten, 1996)
4 { Aa o o < v a A v W
m‘imﬁau‘ﬁuazmmmmmmﬁ@ggmulﬁjiuamﬁwanmm l) ﬂ15waﬂﬂu?’9]}'38ﬂ'3'lm
. . [ 1Y < = 2 <
(NN (Steric repulsions) 1TIUNAINFUNIWOITARLIA 2) UTUTBANIY (Friction forces) (TUMa
nnnauiavesdaiagiia uazsssumAnuativesTaauia uaz 3) usukeuntiu (Cohesive
forces) gl g lavinaz nInuead (Liquid bridges) (Kudrolli, 2008; Fiscina,
Lumay, Ludewig, & Vandewalle 2010; Emery, Oliver, Pugsley, Sharma, & Zhou, 2009) 15 €9
Talath (Electric charges) (Mersch, Lumay, Boschini, Vandewalle, Valverde, & Castellanos, 2006)
a o v J 14 4
ﬂ;]ff UNUDHITUNIAADITINAA (Van derWaals interactions) (Valverde, Espin, Quintanilla, &
Aa o 4 1 1 I

Castellanos, 2009) uazﬂgfmwuﬁizmwﬂﬂiwmmmaﬂ (Magnetic dipole— dipole interactions)
(Forsyth, Hutton, Rhodes, & Osborne, 2001; Lumay & Vandewalle, 2008; Lumay, Dorbolo, &

Vandewalle, 2009; Lumay & Vandewalle, 2010) Faaufiaenunsoutisesniu 2 nqu Aeaquia
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A A [ 12 A 1 o 9 ] 2 A (=} A [} aan 1
mmweuuuuuaz"lumwu%mmu mmmﬁamﬂﬂ"lummwammu ‘]J;]ﬂifﬂﬁgﬁ’ﬂx‘i

v v I v W

9 9
ANUTUNUTUAN 1Jmiwaﬂﬂuﬁ’wmmmzﬂmazmmlﬁaﬂmummu ARUUTUUA

o]
o
fasd)}

1A

1o

Egamﬂéﬁueg V31914 mﬁﬂixmﬂmumuazﬁuﬁwmﬁ’ﬁmﬁﬂ Lﬁamw‘f}amﬁuiwﬂwﬁﬁ@
Lﬁﬂmﬂﬂdwﬁmﬁﬂmewﬁwumﬂ AT IR NN TN B AN 4
Aouniuneluuaznssauiy (Packing) (Chaudhuri, Alexandar, Fagih, Muzzio, Davis, &
Tomassone, 2006) ﬁ’qﬁuﬁwmﬂaummﬁﬂ ﬁuﬂ’ﬁﬁ;amngﬂmmuTﬂﬂmu%amﬂmﬂu
vian (Lumay et al., 2012)

dmsuanunisiuvednsdata Jamming probability, J(d)) amsadiulam

1d1naun1sn 2.2 (To, Lai, & Pak, 2001)

N
J(d) = N—i‘ (2.2)

4 1 ) a o
e J(d)  fe anwunziluvesnsaaia (Jamming probability)
Y v
Na AD IUIUATINNANIAAUA (Number of jamming events)
Y H 1
N A UIUASININMINeaed lutsaz@eu v (Number of trial for each
¢

conditions)

A 9 o s ) < A A A =
ieldnisensiInasensingelieivesianiianifitazinyene nsAny)
v 9 dyd Yo gJ/ v Ao a J a a
Tuiveiide1dsuanuaulaninnaluindtemadnemaninazIanssy  Iagnganssu
4 o 3 A o v v A o 9
ns InasenaingetieivesiaqiaiinnuduwusnugUuuunis Ivandodouniolu
4 A [ <3
golnlosuazaaauinvolagin
MsAaTavRIaIiaNlAMABANY (Jamming of frictional spheres)
o 1 a ] o a o <3 I
Tasna ldudr019uams@neimsandavesdggaiusiavesiaqla ldiiu 2
' A o 2 A~ = ). o 2 ad Y
gunulvg q Ae Taquilanlin1mudean1u (Frictional spheres) tagiaaiantiunag 15159
d'dy 1 a Y @ 3 Ax
(@oan1u (Soft frictionless spheres) Tutlvonanuiissmsaninvodigquianlianuidon
[ dy A = a % 1 A 9 [ = d'
mMuadll  gaauiavesmsnasuulasmsaavadiulvaifervesnunsudeaniu 1o

a o o J [ 1 v o Ia Y
NINTUIANUANNWUDTUDIDATIAIUNITOAN (Packing  fraction: d)c), vlneasAILTY

' v
(Coordination number: Z) nazdulszansusudoaniu (v Taen ldudinisandaluld
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a [

Y 9 v
Lﬂﬂﬁulﬁﬁ@uﬂUﬂUﬂﬁizﬂﬂ L!.ﬁ$thﬁﬂ']%ﬂ’)ﬂi]ﬂ“ﬁllﬁﬂQﬁﬁWf]@]ﬂiﬁll@]']iJﬂ{,]Lﬁ‘UfJﬂﬂWﬁ\‘]

q
Y

1 o aa 1 1 1 o a o o J o < {

(Power-law) LLﬂﬂWﬂﬂWﬁﬂWH’Jﬂ!ﬂNﬁﬂGIU\?%’JWﬂWLﬂaEJﬂWu’JuW’JﬁNWﬁ'ﬁ%ﬁ’ﬂ\i’]ﬁﬂluﬂﬁ
d' o Y a [ 1" o Y d' g}/ 9 a dy A [

Lﬂa’é]uulﬁ’ZJ“I/HGI,WLﬂmliﬂﬂﬂﬂﬂiﬁu“ﬂWiﬁﬂWﬁlﬂaEJL!LHJaQﬂﬂﬁgﬂﬂlla’llﬂﬂﬂlulﬁuﬂuﬂu

(Shundyak, Hecke, & Saarloos, 2007)

mstlasuulasmsAiata (Jamming transition)

1 Y
o v v KX A

{ a o d { o a 2 @
nnmsinmsaatalludnzilagimaunanisngais asuudadimsdnyina ln

3
1 E X ' H a o Yo
msulasunalasvesns 2 a0z lusguy Feewiseniimsnlasulasnisaada Taoliglim
a a dd‘ d‘ 9 [ d' a v @ dy
HemuazuuAengpinetesnumsasunlasnmsaadanail
fegnnveamsulasuulasfiata
= Aa o A Aa o <3 a A A Aa o o Y
maldsuuilasnmisdada Aewganssuvetiaquiaadalolimsiaglueviaginl
a A o x g a A J < .
nan3Fanu sutunganssumsasunasszriteueudeuasveunad (Ediger, Angell, &
I 4 { a Aa ] 9
Nagel, 1996; Hecke, 2010) n3otiunalnmsmaounading@od194d1 q voszuuIINANAD
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Hu91e. From Kulinowski & Kasza., n.d., Belt Conveyors for bulk Materials
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Abstract

This study aims to investigate the effect of wedge-shape hopper angle on jamming of
2D granular material under vertical vibration. The cylindrical particles used in the experiment
made from hardwood with smooth and dry surface. There were 350 particles which randomly
placed inside the hopper at the hopper angle of 10 — 50 degrees and the size of hopper opening
had 2 and 3 times larger than the granular material’s diameter. The granular material was freely
flowed and vertical vibrated with 5 values of dimensionless vibration acceleration ranged from
0.011g - 0.307¢. The result has illustrated that the higher dimensionless vibration acceleration
and the hopper angle, the lesser jamming ratio and hopper emptying time and this led to the

higher mass flow rate.

Keywords: granular materials, jamming, hopper, vertical vibration
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Abstract

This study aims to investigate the jamming of granular material under vertical vibration in 2-
Dimensional wedge-shape hopper. Granular material used in the experiment was the group of
cylindrical particles made from hardwood 10 mm in diameter and 6 mm in length with smooth and
dry surface and there are 350 particles. Granular material was randomly placed inside the hopper at
10 — 50 degrees of hopper angle and 2 — 6 times of the hopper opening size larger than the granular
material’'s diameter. Then, the granular material was launched to freely flow and global vertically
vibrate with 5 values of dimensionless vibration acceleration ranged from 0.011g — 0.307g which
changed according to the frequency of vibration and the amplitude of the vibration was constant at 5
mm. The result has illustrated that the more dimensionless vertical vibration acceleration and hopper
angle, the less jamming ratio and hopper emptying time and this led to the mass flow rate increase.
In addition, the arrangement pattern of particles when granular material’s arching occurred was
observed that the more hopper opening size and the less hopper angle, the more number of arching
particles and also the more in curve. Nevertheless, it cannot be found the correlation of hopper angle

size and dimensionless vertical vibration acceleration value with clogging time of granular material.

Keywords: Granular materials, Jamming, Hopper, Vertical vibration
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