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Happiness Equals Reality Minus Expectations
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Outline

e Definition of flowability
 Fundamental properties
* Shear cell testing
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Flowability

Angle of repose

Carr ratio

Hausner ratio

Carr index
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Flowability

* Angle of repose
* Carr ratio

* Hausner ratio
* Carr index

* FFC

* Flodex

* Flow energy
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Flowability

* Angle of repose
* Carr ratio

* Hausner ratio
* Carr index

* FFC

* Flodex

* Flow energy

None will tell you whether or not your powder will flow!
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Good flowability
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Poor flowability
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Obstructions to flow

=
N\a/

Arching/Bridging
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Bridging
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Obstructions to flow

Arching/Bridging Ratholing
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Flow patterns

|
|

Funnel flow
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Mass flow




Funnel flow
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Mass flow
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Andrew Jenike
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Fundamental flow properties

* Cohesive strength

* Internal friction

* Bulk density/compressibility
* Wall friction
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Fundamental flow properties

* Cohesive strength

.. Allows calculation of hopper outlet
* Internal friction dimensions required to prevent flow

obstructions

* Bulk density/compressibility

e Wall friction
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Fundamental flow properties

* Cohesive strength

Allows calculation of hopper outlet

* Internal friction dimensions required to prevent flow
obstructions

* Bulk density/compressibility

Used to determine hopper angles that

° Wa” friction ensure mass flow
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Shear cell testers

Jenike Schulze Brookfield Micromeritics
Direct RST-XS.s Engineering Freeman
Tester PFT Technology FT4
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Cohesive strength
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Cohesive strength

Normal pressure

Shear “||i: = | Ring
stress ¥
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Cohesive strength

Normal pressure

Shear =2 | Ring
stress __ -
Bulk solid
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Flow Function

Normal pressure

Shear
stress

Bulk solid

Cohesive Strength (kPa)

0‘..2..‘4.‘.6‘.I8.I‘10
Maijor Principal Stress (kPa)

67/29/4 blend of acetaminophen/Avicel/hydroxypropyl ceIIquse
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FFC

O-l Major principal stress

FFC=—

¢ Unconfined yield strength

Flowability Coefficient <2 Non-flowing
FE 2-4 Cohesive

e bopetion 4-10 Easy flowing
How Factor > 10 Free flowing
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FFC

10

Normal pressure

Shear = Ring 6

stress | X I 7 <2
Bulk solid E : / | 2-4
‘ > ] 4-10
> 10

Major Principal Stress (kPa)
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Easy flowing
Free flowing




Internal friction

Normal pressure

Shear
stress

Bulk solid

Friction Angle

50
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35
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25

Internal Friction

Effective angle:of friction

I

e

Kinematic angle of internal friction

.

2 4 6 8

Maijor Principal Stress (kPa)
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Compressibility

Bulk Density
1000 — —— s
Normal pressure
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Shear ‘| Ring X 800
stress =
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Wall friction

Wall Yield Locus

Normal pressure

d

Lid

Shear Stress T

Shear Ring

stress

T TTEGITTS
Bulk solid Wall coupon

\4

Normal Stress ¢

_ Shear Stress
Normal Stress

tan¢'
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Mass flow hopper angle
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Mass flow hopper angle
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Mass flow hopper angle
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Mass flow hopper angle




Mass flow hopper angle
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Transfer chutes
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Transfer chutes

"\ a=g(sinf-cosftan¢")
N |
= gcosf(tanf —tan¢)

mg cos 6 ta

mg sin 6
l 0

For flow, > ¢’
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Transfer chutes and diverter valves

mg cos 6 tan:p\

a=gcosf(tanf —tan¢’)
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Transfer chutes and diverter valves

SN

mg cos 6 tan ¢’

a=gcosf(tanf —tan¢’)
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Pressure distribution

< D >
r D’ D? rch
A (o, +do, 1 pbg
l 0V(J'“Dz/"') Oy Force from powder below
;. —
Force due to wall friction
dh T oyunDdh
I | T Force from powder above
(o + doy)(xD%4)
Force due to gravity
p,g(nD?/4)dh
Cylinder
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Pressure distribution

A
v

oy(D%4)

|

(oy + doy)(xD?/4)

p,9(nD?/4)dh

Cylinder

(o, +doy)

2 2
D +o,unDdh=0, %+pbg

Janssen coefficient

oyHaDdh

_%.04-06

0-V

D do,

el Kuo =

2 dh +kuo,, 4pbg

1st order linear differential equation

nD?

—dh
4
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Pressure distribution

« D R
r nD’ nD? nD?
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Pressure distribution

A

Stress




Pressure distribution

Initial fill

Stress




Pressure distribution

After discharge (mass flow)

Stress
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Arch stress
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Arch stress

Stress on abutments of arch:

P,8B
2

O, =
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Arch stress

Stress on abutments of arch:

_  pgB
01 = ’
H(O')
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Pressure distribution

After discharge (mass flow)

<

Consolidation Stress
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Cohesive strength

Cohesive Strength

Consolidation Stress

Greg Mehos & Associates LLC ¢ www.mehos.net ¢ greg@mehos.net ¢ 978-799-7311




Cohesive strength

Cohesive strength

_| Solids Stress

|

Stress or Strength
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Arch stress

Cohesive strength

/

R
/ — Arch supporting stress

Stress or Strength
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Arch stress

Cohesive strength

/

R
/ — Arch supporting stress

Strength > Stress

Stress or Strength
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Arch stress

Cohesive strength

/

R
/ — Arch supporting stress

Strength > Stress

Stress or Strength
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Critical arching dimension

Cohesive strength

/
]
— Arch supporting stress
&

]
! Arch stress

B — H(Q )aCﬁtical 5

min ~ 5= P9
P9 H(0))
/L/
3 4
__Stress > Strength 1\ /__ et
Strength > Stress

Stress or Strength
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Flow factor

e Flow function (FF)

Relationship between 25 |

major principal stress \

and cohesive strength w2 \
e Flow factor (ff) 0|

Flow Factor ff

Ratio of major principal ) \
stress and arch R N
supporting stress I

13 [ ~.

T~
91 major principle stress L T T
51 arCh StreSS Effective Angle of Friction 6 (deg)
0.285
fF=1.118+
(tané)
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Flow function

Flow Fungtion

Cohesive Strength

Consolidation Stress
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Flow factor

Flow Factor :

Slope = 1/ff |

A |

o ) 1

n / Flow Fungtion
5

re / '

(@)}

[

o

n

Consolidation Stress
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Critical arching diameter

No Flow Flow
Flow Factor
Slope = 1/ff |
/ i
? / | B = H(H,)GCﬁtical
o | min
n Flow Fungtion P9
5
. s  / '
Critical = = =2= = =T =
o
n

Consolidation Stress
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Example: existing hopper

292 (11.50")

203 (8.00")
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Flow properties

— ——

Flow Function Bulk Density
5 1000 —m™a™™———
— 4 900
=2 g /s/
ES ) -
o 3 X 800
c
o z
5 2
2 2 8 0
8 x 1
S5 @
(@] 1 __,_,_ﬂ——r—r—'_'__'_"_#_‘_# L
[—— 600
0 2 4 6 8 10 500 0 2 4 6 8 10
Maijor Principal Stress (kPa) Normal Stress (kPa)
Internal Friction Wall Friction
50 5 ————————
' Effective angle of friction .
A
\ ’(‘?
o o
= 40 & % 3
< A
5 8
5 \\0\\ 7] /
= 35 = gy = 2 A
w 3 A
Kinematic angle of internal friction 5
30 ] /‘/
25 0 //
Greg Mehos & 0 2_ ) ¢ ) ° s 10 0 1 2 3 4 5
Major Principal Stress (kPa) Normal Stress (kPa)




Flow properties

— ——

Flow Function Bulk Density
5 100 ———————F———+"7—+—
— 4 900
& T —
s 2 I
()]} 3 \x/ 800
c
o z
o 2
2 2 8 0
3 x 1
S5 @
(@] 1 __,_,_ﬂ——r—r—'_'—_'_"_#_‘_# L
L 600
. . | B FFC=7
0 2 4 6 8 10 5000 2 4 6 8 10 /IE l H ”
Major Principal Stress (kPa) Normal Stress (kPa) aSy-f owing
Internal Friction Wall Friction
50 5 —————
' Effective angle of friction .
A
\ ’(‘?
Q@ o
= 40 & % 3
< a
5 8
5 e n /
= % O g 5 2 A
[T [4v]
Kinematic angle of internal friction % /
30 ] /‘/
”s ) //
Greg Mehos & 0 2_ ) ¢ ) ° s 10 0 1 2 3 4 5
Major Principal Stress (kPa) Normal Stress (kPa)




Mass flow hopper angle

B e e
_ 45 |
4 153 ;
| S 40 :\‘
5 I T NN
Q 5 =2 RN
X | 2 o [ \\
w S L 30 S =SNG
(7] 1 f— = L
S ! T < ;
n / ug— .§
g -~ 1 5 2
5 o I % E
] g 3 i
/ 1 2 Y
1 \
/ kw\\\\ ]
1 [e] :
I < N D D D NN
0 1 2 3 4 5 40 50 60
Normal Stress (kPa) Hopper Angle from Vertical (deg)
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Flow Factor ff

Outlet diameter

5
4 /
©
o
i =
1.9 i \ p= 3
L (@]
C
: o
16 \ 6 B
<
\\ (@]
C
S s A o
N b
13 | S — | ® 1
1
. TT—— o =900Pa
1 critical
! |
1 f 0
20 30 40 50 60 70 0

Effective Angle of Friction 6 (deg)
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Recommended mass flow hopper

_H(0)04,,, _(2.15)(900)1000)

Bmin Critical 0 mm
p,g (810)(9.8)
292 (11.50%)
203 (8.00")
- =
L g
O ]
.
! | 1
=\ =
00

240 mm

But this blend was “easy flowing!”
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Add fumed silica (Cab-O-Sil M-5P)

5 Flow Function 5 Wall Friction
4 4
"B\ i
o —_ J
4 [ i
~ [a
£ 5] X L ]
2 @ ]
o o
S 2 5 21| A ]
j2 I ] % [ P ]
s I ] - /‘/‘3 0.25% Si0, oA
SR Control a1 ] G Control | B e £
s + 0.25% SiO, ] o i
I ﬂﬁﬁlﬁ sio, | - +0.5% SiO,
0 —— R B o L :
0 10 0 5

Major Principal Stress (kPa) Norhal Streés (kPa) f
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Add fumed silica (Cab-O-Sil M-5P)

(11.50")
(8.00")
FFC =15 — “Free-flowing” -
Critical arching dimension: 100mm
Rec’d mass flow hopper angle: 22° ~

Funnel flow

100mm
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Funnel flow bins

8

Major

Principal Stress

o ()= LeER

ktang'

l_exp(—ktan(/) z)]
RH

D = diameter of round outlet or
diagonal of slotted outlet

Stress
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Funnel flow bins

8

D = diameter of round outlet or
diagonal of slotted outlet

N

Major Principal Stress

]

\Z/

Cohesive Strength

Stress or Strength
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Funnel flow bins

_—\ Flow Channel Stress
: \ P 5 — pbgD
G(¢,)

Unstable Rathole

___—| Cohesive Strength

Stable Rathole

Stress or Strength

D = diameter of round outlet or
diagonal of slotted outlet
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Funnel flow bins

Unstable Rathole

_—\ ] Flow Channel Stress
: r,90

5:

G(¢,)

Cohesive Strength

Stable Rathole

Stress or Strength

D = diameter of round outlet or
diagonal of slotted outlet
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Funnel flow bin

5 _CW)E.

F
P,9
=(2.8)(0.42)/[(780)(9.8)] = 0.15 m = 150 mm

Critical rathole diameter: 150 mm

150 mm
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Mass flow vs. funnel flow

SRR R D To prevent arching in a mass flow
— bin:
i ] ’
% ! ] B = H(H )Ocritical
= min
(L) pbg
fo ©
e
g To prevent a stable rathole in a
& funnel flow bin:
Ocritical =—"""Jp D — G(¢t)fC
T P9
b

Major Principal Stress

| ol (Z) =%
Y k tan ¢’

l_exp(—ktan¢ Z)]
R,
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Add mag stearate

S Flow Function S Wall Friction
'l !
’a 4
o —_ ;
X © |
= o
-o-C—l 3 I \x_z; [ ]l
o, - Ot ]
=2 @ 2 A
® 1 L // |
S 1 o [ Cont I// ]
O N Control ] i L o rc;
I +0.5% SiO,, 0.5% I\ﬂ_gﬁs_zﬂ_______gp—'-* L /_,«-""’MM |
I —— ] I +0.5% Si 5% M ]
0 _,.——.———""‘_F— M M M 0 %’é: P OSA) I.Oz.’ O 5 0. gSt
0 2 4 6 8 10 0 1 2 3 4 5
Maijor Principle Stress (kPa) Normal Stress (kPa)
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Add mag stearate

FFC = 15 — “Free-flowing”
Critical arching dimension: 50mm
Rec’d mass flow hopper angle: 36°
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Summary

* Flow properties
* Cohesive strength
* Internal friction
* Compressibility
* Wall friction

* Flowability metrics
* Arching diameter
* Ratholing diameter
* Mass flow hopper angle
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Summary

* Flow properties
* Cohesive strength
* Internal friction
* Compressibility
* Wall friction

* Flowability metrics
* Arching diameter
* Ratholing diameter
* Mass flow hopper angle

./:)t
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