Chapter 8. Storage and Flow of Powders — Hopper

Design

—=http://www. ecgf. uakron. edu/ chem/fclty/chase/SolidsNotes9. PDF
http://www. dietmar-schulze. de/storage. html
http://www,. anl. luth. se/abb/siloprojekt/index. html

8.0 Stresses in Bulk Solids

1) Mohr Stress Circle

Two dimensional stresses in the static powder bed
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- Normal stress, o
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- Principal stresses (major, minor), o,, o,
. normal stresses to the plane in which shear stresses vanish
where o, L o,

Correlating o and 1, in terms of principal stresses
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From force balances,
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Mohr Stress Circle
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2) Shear Cell Tests: Yield Behavior of Bulk Powder
Powder Bed: move or not?

Jenike shear cell

Normal force, o

Plane of shear
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Shear force, t©
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Construction of yield locus

Put the powder sample of p, in the cell.

- Measure the horizontal stress( t) to initiate flow for the given

normal stress(o). (o must be low enough for p, to decrease during

application of T)

- Repeat this procedure for each identical powder sample( p,) with
greater o until p, does not decrease. Five or six pairs of (o, 1)

should be generated.

For given Pg
T
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Initiation of flow
Cohesion ~ ? with constant pg
c “— Initiation of flow
accompanies decrease in
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Tensile strength

- For other values of p,, Figure 8.10

x Expanded flow(at the points up to E on the curve)
Free flow (at point E): critical flow
* Cohesion

Tensile strength

3) Application of Mohr’'s Circle to Analysis of the Yield Locus:
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4) Effective Yield Locus: Determination of o



Shear stress, © | |mpossible Mohr circle

Possible Mohr circle

Normal stress, ¢

Experiments have demonstrated that
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for Mohr's circles at end points of yield loci
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Effective yield locus
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Shear stress, ©
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Normal stress, o
“T=0 tanb

where 6 : effective (internal) angle of friction

Worked Example 8.1(a)
Ex.8.4, 8.5

x For free flowing(noncohesive) powder bed, Figure 8.5

Yield locus: only one — coincides with EYL



Shear stress, 1 YL

\ o

Normal stress, o

Yield locus for noncohesive (free-flow) powder

x OFAIZE Angle of Repose,

Angle of repose, e, of (a) a pile of powder, (b) powder in a container, and (c)
powder in a rolling drum.

For noncohesive(free-flowing) particles
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4) Wall Yield Locus

H=gt o= St ZA S| yield locusE T+& = UL

Shear stress, t Wall yield locus
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Normal stress,

From wall shear test = Figure 8.16



T,=0,tand

8.1 Introduction
Storage tanks

Silos : section of constant cross sectional area
- Bins : H>15D
- Bunker : H< 15D

Hopper : section of reducing cross sectional area downwards

Typical bulk solids storage vessels

(a) (G
}

(c) (d)

(a) conical and axisymmetric hopper: (b) plane-flow wedge hopper:
(c) plane flow chisel hopper; (d)pyramid hopper

8.2 Mass Flow and Core(Funnel) Flow
Mass flow vs. core flow : Figure 8.1
Figure 8.2 Figure 8.3

To see the mass flow in hopper =

http://www. cco. caltech. edu/ granflow/movies. html

8.3 Design Philosophy - Arching and Hopper Design
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mass flow?} YLO{LI=E MAHE=|0{OF StC}.

1) Arching Figure 8.4

Arch - free surface, no flow

e.g. a salt shaker (a salt pourer?)

2) TIwo Circles: Determination of o, 6 and o,
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Free surface
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State of the bed in

which arch is about State of the bed in

to collapse which arch is about
to form

o,: Unconfined yield strength (UYS),

0.: Compacting(consolidating) stress

Powder flow function
0,= fn(0.)

Figure 8.6

3) Hopper flow factor



Ff= compacti re he er er _hopper conditi

actual stress of the powder developed under hopper condition

where ff=A6,2,,0)
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Flow factor chart @ Figure 8.18, Figure 8.19

4) Flow-nonflow condition(Arch?} 7[R =Z1)

For flow
OD> Oy
. 9¢
. 0
AR
Critical condition for flow
OD,crz'z‘ = Oy

5) Determination of critical stress

Find YL's and &.

l

Find the relation betweeno,6 ando..

l

Find WYL and o, .

l

With @, and 6, determine ff and © from Figures 8.18 and 8.19.

where ©O: semi-included angle of the conical section

l

Draw o, vs. o (FF) and o, vs. 0.

l

Determine o

crit

6) Critical outlet dimension: Determination of hopper opening



1 Slope =
flow factor
Flow G
low
o Gy function
No flow
Gc
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where

for conical hopper }KED:=2%—é%

6

for slot-type hopper H(©)=1+ 180

Example : 0=30° and ©,=19°C — ©6=(30.5°>27.5°) — /~1.8
Worked Example 8.1
Worked Example 8.2

8.8 Pressure on the Base of a Tall Cylindrical Bin:

Stress in Powder Bed

Pressure: vertical stress, o,

Force balance on a slice of thickness AfH in the powder bed,
DAG 4+ 4tan® 0 AH= Dp zjgAH

Assuming o,=4k0, and AH(

@, <4tan<1>wk )O B
dH D v=PBg



Integrating

Dp pg

0 — ——BS — 4 tan® kH/D
v 4tan® &

—4tan® kH/D

[1—e 1+0 e
When no force acting on the free surface of the powder o,=0,

Do pg

o — ~tan® 411/D]
v Atan® &

[1—e

Janssen equation

For small g,
0,=pzHg (liquid-likKe)
For large H (>4D)

o~ Prg
v~ 4tan® k

independent of H and o,

Figure 8.21

8.8S1. Hopper
FAR(1963), HT(1990)

For C =+1,
_ h\C | SHy, [ p\[, (_kh
00’2_00*(1{2) +C'_1(H2)[1 (H2)]
For ¢=1
_ h\© b (ﬂz)
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where C'=2tan® ;cotO,(Kcos?0,+ sin’0))
8.85S2 Wall stress distribution in silo-hopper

Storage tankLiS| AE2 MEAS = (e MY UX[SIL} feeding

2} dischargeA|0ll= Er2tzICE.
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Active stress field
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Passive stress field

Initial filling Flow

8.9 Mass Flow (Discharge) Rate

For cylindrical and conical hoppers
Beverloo(1961)

Dimensional analysis
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Mﬁz CpBgl/Z(BO _ kdp)5/2

where ¢ : 0.55 ~ 0.65
k£ * 1.5 or somewhat larger depending on
particle shape

— Independent of H, D
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