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Application of Vibration to Pneumatic Conveyance of Granular Materials

for Reduction of Power Consumption
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Fig.1-2 Phase diagram for pneumatic conveying of solids
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Bo = Fp— Fr =(7/8) pasCeds*~us’—
(7.6)ds’(ps— pa) g (tangwecos #+sind) (2-1)
ST UK B LEENSOMEEBS y, OMETORE u;DEMNMED
0B SR (2 30 ko TEBRAE usE kD, ISICHES Y
MR LEKRAICE->TERHBEIENTE S,
us= 8.5 ux (2-8)
BoO i Bz, HBOBHZEBOCHEMEELRHZ I EERE L B
B Borlokxdzicld, BHRE QTS usd KET 52 & EBTE
B gud HOLBHAERERARBTAZIENDRNLR I ENDD S, K
T oslET/NI VI DN Bold K&, uskd K&ELFTEHHELELT, MK
FICEMK T ARAST A EDPREERE SNV ARICTE I EICL - THRE
BHBHIEEHODHILTT Y, ERLRNTRAICODVLTIE, BRABEBEEDN KR
INCH LR TR BIUMBEERRKICTIN TEAFET A EAERLILT
INSD B EBEAFIBIRTORNT, e mEREBEIIE T3
VhO = VT A EN AR TH L RCEH L, AR TREEEE IS
BEAMAZA S EIC X B mMEBREROBKBGRICIDVTEMN LS TR T
5 &L,
2:2-3 HRHFOBBHRARACELBITERIDHR
Fig.2-1 OLHICHBEmOYKRPHEHA IOFIREICEINTLSE LT 5,
BEBAMA B VWES, micffMT2REHFMONIER, EOMEEEZ gL T 5
Etmgsind THV, 52B2IEFTVE Gt NBEEMRNBOWBD S L
75 &,
mgsingw= £wm £COS Pw (2-9
DEBEMBIKL L, tangw= €w LD, (v GERBOHAORMEZERHUT
H 5o
IS EMRmICH L THEHME AMICERERBINZ SN TS ET 5 &,
RBoL yBIUMEE yIRATEREIN %,
y = ansin2n f t (2-10)
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Fig.2-1 Static friction on the vibrating surface

y=—as(2n f)*sin2n f t (2-11)
I Tanl3dkmd (i), FRIEHHE t3IHWTHL, Z0LExdm
FHEmeE —KICEHTILIN, ROMEE an(2r IO NKELNLEE ok D
bNSWHLIAEPwy TTRDIED B, ZDE X

mgsingwv= €w {mgcos@gwv—man(2n f)* } (2-12)
DEFENEL D, T I T

tan gwv = Ewy (2-13)
EBWVT, fwr Zy FHMOMBRRBICE T 2EBEEET 5, )Mk E
CEIMBELOHAERDMEEIL A T40B

A=anQ2n £)*/ g (2-14)

E B TEs. (2-13),(2-12), (2-14)0 5 (0= fwvs éw OXHFD b ETHS
ETY Ewy 1,

Ew (1— AV I+ €w’— €w’A®) \
Ewr = —— (2-15)
|- ¢éw® A’

TIN5,
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AWFETIH OB IADOHYALAE E & H TTable 2-1 LR T AETE
E3XNB0H T LEbOR M, HTRIEHEMBEED 3 0IEFAD 000
Bt 2 EREPEPHR TFRELTELTVWS, REASBLIUNIEE poid
RYUAT IR BB Y —F A —il&k-T, BEE psBIEZNX
vy (OB oGRS TME L, NEEEM I3 H AR
L b (RO OB KT AN AR HOERMASIAHOTANKAREK
Wil -TMELT ZUMBIIH T S E L T,

HERBOEKELICEOLTE, JJEATHTR HELZSOEANL
MPC 2T, R IER, RMFHIOBRE®HEORHT OLETH LN, A
ROKBMIFICE TR, FhooHOoRBERTA2LEBIA T 3 H M
ELUTHMmEBBERICODVLWTELEAL S K- 7,

Table 2-1 Physical properties of granular materials

Particle | Angle of | Angle of | Angle of Bulk True
Sample diameter | repose internal wall density density
friction | friction¥
ds (un] gel°1 ) B 1| Bul®]] onlke/n’] | oslke/n’]
Calcium carbonate 16. 6 51.0 35. 6 28.9 760~1350 2600
Sand 1 280 28.0 30.5 23. 4 1320~1400 2140
Sand 2 430 28.0 30. 7 23. 4 1320~1400 2100
Sand 3 670 29.0 30.9 25.5 1320~1400 2680
Sand 4 1020 30.0 3.0 26. 8 1320~1400 2670
Sand § 1440 31.0 32.0 26.1 1320~1400 2650
Sand 6 2030 32.0 321 24.6 1320~1400 2650
Millet 1570 33.0 30. 1 22.8 824~ 857 1385
Polystyrene pellets 997 23.4 3.8 2.1 630~ 870 1070

¥ Value of direct shear test on acrylic plate
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Fig.2-2 Schematic diagram of experimental apparatus
to measure static friction cofficient
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Fig.2-3  Schematic diagram of experimental apparatus to
measure critical friction velocity
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Fig.2-4 Varietion of dimensionless static friction coefficient
with acceleration ratio
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Fig.2-5 Some examples of velocity distributions near
initiation for movement of grains
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Fig.2-6 Relationship between shear vleocity and rate
of movement of grains

A4 5LEO0HMELTNVS, TITIOKMSEBENTHL ns= 0s 'O
xRk, THZRABERE usc &7 5,

STHRAEBBEEE uxcE B O BWKRITMARE S uxc® {{os pa— 1)
geds* ¢wl ZEHS 'V RKRATERLTL %,

usxc’/ {(ps/ pa—1)gedse éwl =1/(r+¢) (2-16)
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ExEHmELTL 5,
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Fig.2-7 Relationship between dimensionless critical tractive

force and Reynolds number under vibration
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Fig.2-8 Comparison of dimensionless static friction coefficient under
vibration ; inclination method and saltation method
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Fig.2-9 Relationship between decrease factor of friction
and ratio of ds to Jr under vibration
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Fig.3-1  Forces on particles including water

dpAIZRsJF Ra (3-1)
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Fig.3-2 Schematic diagram of apparatus to measure wall friction coefficient
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Fig.3-3 Schematic diagram of experimental apparatus
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Fig.5-1 Analytic diagram of forces acting on a plug layer
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Fig.5-2 Schematic diagram of cxperimental apparatus
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Fig.5-9 Transport efficiency for conveying a plug
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friction coefficient
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1 Motor 2 Roots blower 3 Watt meter
4 Power factor meter 5 Silencer 6 Vibrator
7 Oscillating amplifier 8 Pressure transducer
9 Strain meter 10 Recorder 11 Amplitudemeter
12 Hopper 13 Pressure sensor

Fig.6-3 Schematic diagram of experimental apparatus
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Fig.6-5 Relationship between minimum air pressure required for
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Fig.6-6 Relationship between minimum air pressure required  for
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Apparatus(a)

1. Compressor 6. Time switch 11: Strain meter
2. Regulator 7:Blow tank 12: Recorder

3. Orifice meter 8: Vibrator 13:Hopper

4. Air reservoir 9: Amplitude 14:Bag filter

5. Solenoid valve 10 Pressure transducer  15:Photocell

Apparatus(b)

(@ Compressor ® Time switch @ Horizontal bend(90° ) Cock

@ Regqulator @ Blow tank @ Vertical bend T (90° )@ Photocell
@ Orifice meter Ball valve @ Vertical bend II(90° )® Strain meter
@ Air reservoir @ Hopper Horizontal bend(45° ) Recorder

® Solenoid valve Transport pipe ® Pressure transducer @ Air vibrator

Fig.7-1  Schematic diagram of experimental apparatus
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Fig.7-2 Flow patterns of plug
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Fig.7-3 Relationship between scope index of transported
plug and air velocity
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ERE=
A = cross-sectional area of the pipe
Al cross  sectional area of a layer of air opptionally

containing flying particles in Fig.3-1

Az cross sectional arca of a water—containing particle
layer associated with air flow in Fig.3-1

As = cross sectional area of a layer comprising water

and particles without air flow in Fig.3-1

an - half- amplitude of vibration

As - cross sectional area of a settled layer

Bo * initial dispersing force

C = drag cocfficient

Ce = adhesion strength of critical water content
Cs adhesion strength of saturated water content
D - inner diamecter of a pipe

ds - particle diamcter

F, F’ - horizontal forces

f = frequency of vibration

Fp = fluid thrust

fk - drag cocfficient in Eq. (5-2)

Fr - frictional force of a particle
Fre - Froude number = uc (gD’ *
Frs - Froude number = us/ (gD *
g = gravitational acceleration
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h “ height of partical bed under vibration

ho = height of partical bed under no viburation
i = number of plugs per second

Kp - value of pressure ratio in Eq. (5-5)
Kpec - critical value of pressure ratio |

L = length of transport pipe

1 - distance from pipe entrance

AdL = length of transport test pipe

la - air cushion length

Ip - plug length

m coefficient in Eq. (5-7)

M; - mass flow rate of particles

ms - mass of granular materials

n - index number in Eq. (5-7)

No = power consumption of blower at no load
N © power consumption

Ne = power consumption of blower

Np = power required for conveying a plug
np number of plugs

ns ratc of movement of grains

Nv = power consumption of vibrator

Da © air pressure for conveying a plug

Dk = pressurc loss of air passing through a plug
pi - axial pressure in a plug

DPm = requisite minimum air pressure for conveying a plug
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Po pressure loss of air flow passed through a pipe _Pa .

pr -~ normal pressure to the pipe wall in a plug  Pa
Dt - pressure in blow tank [ Pa .
Ap pressure drop at 4L _Pa
Adpob pressure drop in bend | Pa
Adpp - pressurc drop defined by Eq. (7-3) Pa
Aps additional pressure drop duc to presence of solids

defined by Eqs. (5-13), (7-4) Pa-
Adpo - pressure drop across transport test pipe under no vibration [Pa]
Qa volumetric flow rate of air mies U]
Res - Reynolds number -~ dsCux-us) v Lo
Res - Reynolds number = pgacussds’ ¢ -l
Ra air shearing resistance N
Rp - rate of power requirement CkWehet 'tem 'O
Rs - shearing resistance between air flow and flying particles LN
Rw - friction resistance between pipe wall and deposited particles layer [N
S inncr circumference = 7 D (m]
Sz+3 inner circumference in contact with layer of Az and As m]
Ss - inner circumference in contact with layer of As Lm
S» - scope index of transported plug defined by Eq. (7-1) L-]
St - stability index in Eq.(7-2)
t - transporting time L]
ts - transporting time in steady state s
te total transporting time s
At - regular interval of time for supplying air to the first line s
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Ux*c

regular interval of time for supplying air to the second linc

air velocity
critical velocity of conveying air

velocity of air passing through a plug

- velocity of plug

lower limit velocity of plug

particale velocity

air velocity at y;

critical fliction velocity

air velocity in the vicinity of particle
normal force to the pipe wall

mass of a plug

coefficient in Eq.(5-17)

index number in Eq. (5-17)

distance from surface of powder bed
vibratory acceleration

ratio of additional power consumption by vibrator
thickness of laminar sublayer

void fraction

coefficient in Eq.(2-18)

transport  cfficiency

transport cfficiency in static state
blower ecfficiency

transport cfficiency of plug flow

- transport cfficiency in vibrating state
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s

Ew
Ewe
Ews
Ewy
0 a

Qb

angle of inclnation of pipe to the horizontal
cocfficient of cover

friction factor of air flow through the pipe

additional friction factor of plug flow through the pipe
acccleration ratio - a»(2 7 )° g

viscosity of air

mixing ratio

kinematic viscosity of air

wall friction coefficient under no vibration

wall friction cocfficient of critical water content
wall friction coefficient of saturated water content
wall friction cocfficient under vibration state
density of air

bulk density of particles

mcan particle density defined by Eq. (7-5)

truc density of particle

water content

water content of critical water content

water content of saturated water content

angle of internal friction

angle of inclination

function of (uxc-ds v)

95

trad

Pa-s

‘mées

Tkgem



51 A 3 #K

1) Akiyama,T., T.Naito and T.Kano: Powder Technol., 45,215(1986)
2) Akiyama,T., Y.Miyamoto, F.Takcuchi and T.Kano: J. Soc. Powder Technol.,
Japan, 24,443(1987)
3) Aoki,R., F.Kamiya, H.Murata and H.Homma: Kagaku Kogaku Ronbunshu,
5,623(1979)
4) Aoki,R., Murata,H. Homma and H.Wada: ibid, 6,628(1980)
5) Arakawa,M. and M.Nishino: Zairyou, 21,562(1972)
6) Barth,W.: Chem. Ing. Tech, 26,33(1954)
7) Barth,W.: ibid, 32,3(1960)
8) Chepil,W.: Soil Science, 60,397(1945)
9) Flatow,).: V.D.I Forschungsheft, 555(1973)
10) Flatt,W. and W.Allenspach: Chem. Ing. Tech., 41,1173(1969)
11) Gasterstidt,J.: Forsch.-Arb. Ing. -Wes., 265(1924)
12) Gutman,R,G.: Trans. Inst. Chem. Eng, 54,174(1976)
13) Hayasi,M., A.Suzuki and T.Tanaka: Powder Technol, 6,353(1972)
14) Hirano,H., T.Kano, Y.Nakatani, T.Onishi, S.Sasaki and F.Takeuchi: J. Res.
Assoc. Powder Technol.,Japan, 14,135(1977)
15) Ishihara,T. and Y.Iwagaki: Disaster Prev. Res. Inst, Kyoto Univ., 2,1(1952)
16) Iwagaki,Y.: Trans. Japan Soc. Civil Eng, 41,1(1956)
17) Jotaki.T.: “ Funryitai no Kikiyusé™ ,p.10, Nikkan Kogyo Shimbunsha
(1974)
18) Jotaki.T.: 1bid, p.147(1974)
19) Jotaki.T.: ibid, p.271(1974)

‘96,



20) Jotaki,T., Y.Tomita and Y.Tukida: J. Res. Assoc. Powder Technol.,Japan,
10,625(1973)

21) Kano,T., H.Hirano, Y.Nakatani and F.Takeuchi: 1bid, 13,63(1976)

22) Kano,T.,S.Hirono,F.Takeuchi,H.Sugiyama and M.Tsukiori; J.Soc. Powder
Technol., Japan, 15,134(1978)

23) Kano,T., F.Takcuchi, H.Sugiyama and E.Yamazaki: Kagaku Kougaku Ronbunshu,
6,274(1980)

24) Kano,T.: " Funryitai Yuso Séuchi” p.69, Nikkan Kogyo Shimbunsha
(1980)

25) Kano,T.: 1bid, p.72,(1980)

26) Kano,T.: 1bid, p.106,(1980)

27) Kano,T., F.Takeuchi, E.Yamazaki and H.Tsuzuki: Kagaku Kougaku Ronbunshu,
7,126(1981)

28) Kano.T., F.Takeuchi, Y.Kondo, M.Utsumi, T.Maeda and K.Takemura: ibid.,
9,477(1983)

29) Kano,T., F.Takeuchi, S.lida and N.Mima: 1bid, 10,139(1984)

30) Kano.T, M.Utsumi, F.Takeuchi, H.Kuroyanagi and H.Kawade: ibid, 10,568(1984)

31) Kano,T., F.Takeuchi, H.Sugiyama and E.Yamazaki: Int. Chem. Eng.,
24,702(1984)

32) Kano,T., F.Takeuchi, KJinno and A.Fujiwara: J. Soc. Powder Technol.,Japan,
21,18(1984)

33) Kano,T., F.Takeuchi, Y.Yoshida and A.Mochizuki: ibid, 21,99(1984)

34) Kano,T.: Bulk solids handling, 5,663(1985)

35) Kohata,T., K.Gotoh and T.Tanaka: Kagaku Kogaku, 31,55(1967)

36) Krambrock,W.: Verfahrenstechnik, 12,190(1978)



37) Kroll,W.: Forschung, 20,2(1954)
38) Lappel,C.E. and C.B.Shepherd: Ind. Eng. Chem., 38,605(1940)
39) Lippert,A.: Chem. Ing. Tech., 38,350(1966)
40) Matsumoto,S.: Kagaku kougaku, 44,331(1980)
41) Matsumoto, S.,Hara,M., Saito,S. and Maceda,S.,: J. Chem. Eng., Japan, 7,425(1974)
42) Morikawa,Y., G.Segler and W.Hutt: Kagaku Kougaku, 42,279(1978)
43) Morikawa,Y.: " Ryitai-Kotai Nisoryu” ,p.84, Nikkan Kogyo Shimbunsha
(1979)
44) Morikawa,Y., Y.Tsuji, H.Honda, M.Yamazaki and T.Mizuno: Trans.J.S.M.E.Ser.B,
45,1642(1979)
45) Morikawa,Y., Y.Tsuji, H.Honda and H.Noguchi: ibid, Ser.B,
46,1273(1980)
46) Morikawa,Y., Y.Tsuji, H.Honda and H.Noguchi: ibid,Ser.B,
47,132(1981)
47) Morikawa,K.: J. Soc. Powder Technol.,Japan, 19,284(1982)
48) Muschelknautz,E. and W.Krambrock: Chem. Ing. Tech., 46,6(1974)
49) Miiller,H: Deuts,hebe-u.Féordertech., 13,35(1967)
50) Nikurades: V.D.IForschungsheft, 356(1932)
51) Okabe,Y. and Y.Ichikawa: Therm. Nucl. Power, 33,91(1983)
52) Petersen,H.: Aufbereitungs-Tech., 1,35(1973)
53) Prandtl,L.: Zeit. V.D.I, 77,105(1933)
54) Sakaguchi,K: J. Res. Asso. Powder Technol.,Japan, 24,150(1977)
55) Schlichting,H.: * Boundary-Layer Theory” ,p.604, McGraw-Hill,
New York(1979)

56) Siegel,W.: V.D.I Forschungsheft 538(1970)

_98_



57) Tsunakawa,H., J.Nakai and R.Aoki: J. Soc. Powder Technol., Japan, 16,249(1979)

58) Takeuchi,F., S.Fukuda, K.Yamanaka and T.Kano: 1bid, 22,73(1985)

59) Takeuchi,F., T.Kano, S.Yamada, S.Fukuda and K.Yamanaka: Kagaku Kougaku
Ronbunshu, 11,674(1985)

60) Takcuchi,F., T.Kano, R.Aiura and N.Shibata: ibid, 12,97(1986)

61) Takeuchi,F., T.Kano, T.Yamada and T.Maeda: ibid, 12,102(1986)

62) Takeuchi,F., T.Kano, T.Yamada and Teruo Takahashi: Journal of Chemical
Engineering of Japan, 25,522(1992)

63) Tomita,Y., T.Jotaki and M.Inouc: J. Soc. Powder Technol.,Japan, 15,389(1978)

64) Tomita,Y., T.Jotaki, Y.Jotaki and Y.Tukida: Trans.J.S.M.E, 44,92(1978)

65) Tomita,Y.: J. Soc. Powder Technol., Japan, 23,592(1986)

66) Tsutiya,Y., Y.Kawata: Disaster Prev. Res. Inst, Kyouto Univ., 13—B,217(1960)

67) Tsuji,Y.: Kikai no Kenkyu, 34,20(1982)

68) Tsuji,Y., T.Sirakami, Y.Fujiwara and H.Tikai: Trans.J.S.M.E. Ser.B, 49,1020(1983)

69) Tsuji,Y.: " Kitkiyuso no Kiso” ,p.57, Yokenddo(1984)

70) Welschof,G.: V.D.I. Forschungsheft 492(1962)

71) Yang,W.C.: AIChE J,20,605(1974)

72) Yokoyama,Y.: Kikar Gakkaishi 74,630(1971)

73) Yoshida,T.,Y.Kousaka, and A.Yutani: Kagaku kougaku, 32,470(1968)

74) Yoshida,T. and Y.Kousaka: 1bid, 32,82(1968)

75) Yoshimi,T.: * Sunajiban no Ekijyouka” ,Gihoudousyuppan(1980)

76) Yokoyama,Y.: J. Japan Soc. Precis. Eng, 32,403(1966)

,99_



B

KT AT EDBICHD, HHMAFELEBARERDPRLCECIRYLG
@ﬁﬁ@%UK@W%%%Dibtoit%%ﬁ?l?%ﬁﬁ%M@ﬁ%ﬁ
Ml % wmoARE ERE RBEEHR EHE, FABHRPRESLECIZK
DK R EMBMELZBD T Lk, BLBRHFEBLHAL EFET,

AR AEDDICHIcD, RIEBHPOHEFE L @WEELE D X LM
K% L% B8R w B RAEEICOLDSBRAEEBLPLETET. AW
%%itbém%t@.%@h@%ﬁ.@%ﬁé%bibt%Mﬁ?@%ﬁ
o EEERE Yy —B) SEBEEACECERLSBHARLEFET,

X ABEA T EDLICHLY, WHEEBD, FUHEFLTHSEL
FEMAAY TR ENBER LS UOHATHEHEALY LFEHOBEKE
B r UM KL EYEMECEESRE LV -~ ROBHMAREEZILD
Wty s —0oMBEHKICO» S BRHBHELET,

BRICATROERZTHICHALY, WHAHEE LAYBOBRMAT T
Y YRS REOFAFRICH L THD TEHHLET,

- 100 -





