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Flow and Storage of Powders
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Goals

 Understand fundamental powder flow properties
e Predict flow behavior of powders

 Know how to design/modify equipment for reliable
powder handling
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Goals
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Definitions

Bulk solid
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Definitions

Biomass
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Definitions

Hopper, bin, or silo

Conical Pyramidal

Axisymmetric

Wedge-shaped Transition Chisel

Planar
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Liquids vs. solids
.

Liquids Solids
Friction Frictionless Frictional
Compressibility Nearly incompressible Generally compressible
Isotropy Isotropic Anisotropic
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Classification of liquids

Newtonian
Viscoelastic
Rheopectic
Thixotropic
Pseudoplastic
Dilatant

Stress is proportional to strain rate
Combination of viscous and elastic behaviors
Viscosity increases over time

Viscosity decreases over time

Viscosity increases with increased stress
Viscosity decreases with increased stress
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Classification of bulk solids

“Normal” Stable and consistent behavior
Very predictable, even, and uniform nature
Insensitive to handling and environment
Invariable with time and place

Easy to accommodate and control

“Schizophrenic” Behavior changes completely
e Absorbs liquor, hardens, or dries out

e Sensitive to heat, aggregates easily

e Forms strong, unwelcome bonds

“Paranoid” Hypersensitive to own condition
Sensitive to size, shape, appearance, purity
Alarmed by unquantifiable concerns

Plagued with constraints or quality considerations
Obsessed by regulation, bounds of acceptance

Credit: Lyn Bates!
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“Neurotic” Awkward to handle

Behavior varies widely with circumstances
Unstable in state and condition

Sensitive to surroundings and handling
Prone to run amok and lose mobility

“Masochistic” Suffers readily

e Fragile, delicate, easily breaks down

e Degrades, sensitive to contamination

e Deteriorates rapidly, has to be handled with care

“Sadistic” Aggressive to surroundings

e Abrasive, toxic, hot, or inflames readily

e Unpleasant to touch or be near, irritates

e Fouls or contaminates the locality, corrosive

“Plane nasty” Obstinate, dangerous, hazardous




Flow problems

e Ratholing

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




Flow problems

e Ratholing
* Arching/bridging
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Bridging
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Flow problems
=

e Ratholing
* Arching

Caking
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Flow problems
T

Ratholing
Arching
Caking
Flooding
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Flow problems

e Ratholing
* Arching

e Caking

* Flooding

e Segregation
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Flow problems

e Ratholing
* Arching

e Caking

* Flooding

e Segregation
e Limiting discharge rate
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Solids flow patterns
"

e Funnel flow
e Mass flow
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Funnel flow
I EEEESSNNNNNNNENENEEmENNENNEENENEEEENEENNEELEEEEE N —————.
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Mass flow
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Mass flow
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Funnel flow
I —hIm———————._
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No flow
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Preventing flow problems
"

e Ensure properly sized outlet
e Design/modify to allow mass flow
 Need powder flow properties
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Fundamental properties
I,

* Viscosity
* Density
* Vapor pressure

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



Fundamental properties

« Cohesive strength
* Internal friction

« Compressibility

« Wall friction

* Permeability
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Andrew Jenike
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Fundamental properties
.

hesive strength
Cohesive strength—___ -\ ws calculation of hopper outlet

Internal friction dimensions required to prevent flow
Compressibility — obstructions or predict flow stoppages

Wall friction
Permeability
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Fundamental properties

hesive strength
Cohesive strength—___ -\ ws calculation of hopper outlet

Internal friction dimensions required to prevent flow
Compressibility>< obstructions or predict flow stoppages
Wall friction —

Used to calculate recommended mass

Permeability flow hopper angles or predict flow
pattern
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Fundamental properties

hesive strength
Cohesive strength—__ -\ ws calculation of hopper outlet

* Internal friction dimensions required to prevent flow
. CompreSS|b|I|ty obstructions or predict flow stoppages
« Wall friction

Used to calculate recommended mass
* Permeability flow hopper angles or predict flow

pattern

Used to calculate solids discharge rates
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Test equipment

e Shear cell testers
— Cohesive strength
— Internal friction
— Compressibility
— Wall friction

Jenike & Dietmar Brookfield Anton Freeman &G
Johanson Schulze  Engineering Paar Technology Associates

e Permeability testers
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Compressibility
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Compressibility

Normal
Force

Cover

Bulk Density p,

I
| 4

Consolidation Pressure o
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Wall friction

mg sin 6 = ymg cos 6

u =tano
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Wall friction
I

Normal ¢' =angle of wall friction

Force

Shearing
Force

* Bulk Solid

Shear Stress T

\?
Coupon of

Wall Material Normal Stress ¢

_ Shear Stress
Normal Stress

tan¢'
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Wall friction

Wall yield locus

-

Shear Stress

Normal Stress
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Mass flow hopper angle
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Mass flow hopper angle
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Mass flow hopper angles

' ' Conical ' ' 'Planar

' ' Length > 2-3 x Width
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Mass flow hopper angle
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Mass flow hopper angle
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Valley angles

1
-
™
~
o)
<)
N
<o)
N~
o
B
-
0]
c
%)
o
<
[0)
mv
o)
190)
—
o
.
)
9]
<
)
o
<
[0)
E
2
S
=
.
@)
|
4
)
Q
2
e
o
o]
1)
%)
<
o3
)
o
<
©
=
o))
1)
—
)



Pressure distribution

< D >
r D’ D’ nDz
o (oy 1 4 P9,
\ Y J | \_ _}
l 0V(J'CDZ/"') Oy Force from powder below
;. —
Force due to wall friction
dh T oyunDdh
I | T Force from powder above
(oy + doy)(nD?/4)
Force due to gravity
p,g(nD?/4)dh
Cylinder
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Pressure distribution

A
v

r 2 2 2
(G, +dov)n5 +o,unDdh = OV%+pbg%dh

Janssen coefficient

H =—H=04-0.6
0-V
dh T oyunDdh
| T D do,, D

——+kuo,, = Zpbg

(oy + doy)(wD?/4) 4 dh

0,9(nD2/4)dh 1st order linear differential equation

Cylinder
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Pressure distribution

< D R
r nD” nD’ nD?
h (OV+d0V)T+GHMJ‘EDdh=OvT+pbgTdh
O’V(J'CDZ/4) Oy k _ & _ 04
| — o
on T ounDdh
| T D do,, D
——Y +Kkuo,, =
I (oy + doy)(xD%4) 4 dh V2 [UN¢)
p,g(D?/4)dh Janssen Equation:
D _
" 4ku D
Cylinder
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Pressure distribution

\ Liquid: Hydrostatic Pressure

N\ oy = pgh

N\
N\

\ |

N

Stress
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Pressure distribution

Liquid: Hydrostatic Pressure

N\ o, = pgh

\\
N
Janssen Equation: Stress
o - [UN¢)
Y dku

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




Pressure distribution

Initial fill

Stress
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Pressure distribution

After discharge (mass flow)

|

Stress
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Transfer chutes and diverter valves
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Transfer chutes

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

For dependable flow, 0'= ¢’ +5°
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Transfer chutes

a=gcosf(tanf —tan¢’)
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Transfer chutes

a=gcosf(tanf —tang’)
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Cohesive strength
"
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Cohesive strength

Flow Function

Normal pressure

Shear
stress

Bulk solid

Cohesive Strength

Consolidation Stress
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Cohesive strength

Flow Function

Normal pressure

c I
-
Shear Ring g) L _—_*_—_—
stress o a e
Bulk solid 2 7‘
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3 : il :
(0] e
e /
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Consolidation Stress
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Arch stress

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




Arch stress
I

Stress on abutments of arch:

P,8B

O =
L)
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Arch stress

Stress on abutments of arch:

_ B
Ul = pbg/
H(0)

Conical: H(0')=2
L Slot: H(6')~1
//
M :% 15
pbg Planar:  +——1
o
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Pressure distribution

After discharge (mass flow)

Consolidation Stress
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Cohesive strength

Cohesive Strength

Consolidation Stress
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Cohesive strength

Cohesive strength

/

Solids Stress

|

Stress or Strength
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Arch stress
I EEEESSSSSNNNNNENENNNENENENNNNNENNENmEE—NNNNNEE———————.

Cohesive strength

/

R
/ — Arch supporting stress

Stress or Strength
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Arch stress

Cohesive strength

/

R
/ — Arch supporting stress

Stress > Strength

Strength > Stress

Stress or Strength
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Critical arching diameter

Cohesive strength

/

/ Ar‘ch stres:s
— - _p,9B

* = He)

Stress > Strength

Strength > Stress

Stress or Strength
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Critical arching diameter

Cohesive strength

/

/ Ar‘ch stres:s
— - _p,9B

* = He)

B = H(0')0 ¢ i . L
min pbg /
/

aCritical

Critical stress  \./ ----_-
Stress = Strength

Stress or Strength
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Flow factor
NN ———————

* Flow function (FF)

— Relationship between consolidation stress and cohesive
strength

* Flow factor (ff)

— Ratio of consolidation stress and arch supporting stress

consolidation stress
ff =
arch stress
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Flow factor

Conical Planar
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From Jenike Bulletin 123 i i
consolidation stress

arch stress
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Flow factor

Conical Planar
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Critical flow factor
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from Jerry Johanson’s chapter in McGlinchey, Bulk Solids Characterization, 2005
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Critical flow factor
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Flow function

Flow Fungtion

Cohesive Strength

Consolidation Stress
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Flow factor
I

Flow Factor :
Slope = 1/ff |
2 / |
o
2 -
= 7 Flow Fundti
oW runetion
& /

Consolidation Stress
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Critical stress

No Flow Flow
Flow Factor ]
Slope = 1/ff |
n
2 / '
& /
o
-._C_' 4
> Flow Fung
& / -
GCriticaI —————— - :

stion

Consolidation Stress
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Critical stress

No Flow Flow
Flow Eactor :
Slope = 1/ff |
/ J

/ | B = H(QI)OCritical

Flow Funétion P9

Strength or Stress

Critical

Consolidation Stress
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Example

Design a hopper that reliable handles 67/29/4 blend of
acetaminophen/Avicel/hydroxypropyl cellulose

Flow Function . Wall Friction

25 T T T T T T T T

20 [ : i ] s : : : ! ]
= i I
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X ©
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5 2
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Consolidation Stress (kPa) Normal Stress (kPa)
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Example

16=50° —N¢=60°
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K l:
i 8 =30°
I ; :
. o N .
19 8=60°\}
0 = 1 1 1 1 |
0 10 20 30 40 5'(\\ 60
Normal Stress (kPa) Hopper Angle from Vertical (deg) & = 50° 6=40
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Example
R

25 —————r ———r e 25 v
_\ H H B -
M\ — — Axisymmetric (Conical)
[\ Planar
L 1
P\ 20 i : U
2.2 - A ) off1.38
\ i _a
\ L
[ \ O criical ?goopa
1.9 \ 15 /

Flow Factor

16 [

.: \
i N
138 + = = == = = =

q:\
1.3 [ i

Strength or Strength (kPa)

~

1 Lo~ ]
1'0-.... P .I... - e 0] 0_0‘...|...|...1...1...
20 30 40 43° 50 60 70 0 2 4 6 8 10

Effective Angle of Friction (deg) Major Principal Stress (kPa)
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Example
. N

B — H(QI)OCritical = (214)(900) = 02

- Egm=11in.
P,g (690)(9.3)

11"ID
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Example

11"ID
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o 2

Example

CABOT ?

CAB-0-SIL’

Fumed Silica

25 . ; . 5 17—
,8 ®moic CORPORATION
o L
X 20 ; ; i : 4L ; H ; ; -
£ N s |
(o))
c g
Q 15 L = -~ 3k -
F= n
2 2
k] -
© No excipients 5
> 1.0 - 5 2 L i
o o) No excipients
2 <
= w
c
[e) 05 1
o
5
o Si 9
W/ 0.5% SIO,, 1% Mgst W/ 0.5% SIO, 1% MgSt
0.0 1 L L 1 0‘....|..‘.|....|.‘..|....
0 2 4 6 8 10 0 1 2 3 4 5

Consolidation Stress (kPa) Normal Stress (kPa)
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Example
R

Note ): need to confirm outlet size will allow required discharge rate
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Example

36° valley angle
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Example

5 S

I —4— Coarse Salt

—l— Corn Starch

. | —@— Corn Flour
— 4
© 5 i
o ]
S |
e 4
(®)]
5 | -
) :
2?2 -
o i /I/ ]
S ' ]

Z/

0 1 2 3 4 5

Consolidation Pressure (kPa)

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




Example

Cohesive Strength (kPa)

5 s 10

—4— Coarse Salt
—l— Corn Starch

| | —@— Corn Flour —
4 £
o
| ()
3 5
I &
| g
° S
: /-/ <
L : ©
i A - O
R R S S—

Coarse Salt Corn Starch Corn Flour
Consolidation Pressure (kPa)
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Example

1 O T T T I
| | —&— Coarse Salt
—ll— Corn Starch
L | —@— Corn Flour
8

Shear Stress (kPa)

Normal Stress (kPa)
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Example

Shear Stress (kPa)

10 ,
—A— Coarse Salt
—— Corn Starch
. | —@— Corn Flour
8
6

Recommended Mass Flow
Hopper Angle from Vertical (deg)

Normal Stress (kPa)
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Mass flow hopper angle
R

10

40

[ T T T T T 1 1 0 T T T T T
I > |
T . k=S 215,23\4«* =600 ]
. c *r T i T 1 =40° — P
X [ S s Funnel Flow
A L | ] 3 _ |
g ¢ [ =t 1 c % ;
o L 20 A .9 ()] l_6=30°'
) = L | | ] 5 1
[ 4 © i - = Z; H
s ) s Jdo_ T o
Y= — = :
< S e} I 1 -~ © S :
% | o 0 —r = =< I . ;
2-: ;-—;0':__ 1 g) I I 10 | I . A I A N
| 1 _‘__—«;“—' - 1 < 1 - Mass Flow: | =30
P i Faril B oLl | LI D e\
0 5=60°
0 2 B 6 5 10 0 2 4 6 s 10 0 | i LT i \
0 10 20 an 4an 5}\ 60
Normal Stress (kPa) Normal Stress (kPa) Hopper Angle from 5o 5=40°
Vertical (deg)
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Mass flow hopper angle

Shear Stress (kPa)

Normal Stress (kPa)
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Mass flow hopper angle

TUNRA

The University of Newcastle Research Associates
Shortland, NSW 2307, Australia

5002 9 _\_(on
_\o+e00z) o+.0e1)

(19+g)1+zuls(9u!s_l) _ 1( g/[(guel)SZL'O ~
(19 + g) ,1+[u!s ((] u!s + 1—1(19 + g)/Q HFS 1[((10 + g)soo - I)Z] 1¢ - [0[/(005—9)(10' I)SLE]dXQ B 19
,Qurs ouis—| }9[IN0 payo|s ‘leueld
I+ =X
(+g)uis | ouis g ous
(ou1-xc _ (_l¢ugs)1'u!s+’¢=gz
(O H(QuIs+1) 1 (oust) 2 ]
191n0 payols “Jeueid ;0 =/ ‘|edIUOD | =/ g ouis—1 |- I ~.06=.0
[eoluon
S.10}oej MO|4

so|bue saddoy mojj ssepy
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Funnel flow bins

Y

D = diameter of round outlet or
diagonal of slotted outlet

Major

Principal Stress

o ()= LeER

ktan ¢’

1-

xp( -k t;n @'z )]

Stress
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Funnel flow bins

Y

Z

Major Principal Stress
‘ 1

\ ! ___—| Cohesive Strength

D = diameter of round outlet or Stress or Strength

diagonal of slotted outlet
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Funnel flow bins

Flow Channel Stress

Unstable Rathole

\‘ — 5B
G(¢,)
_____ :fC_f__'______ ]
o
2
g ___—| Cohesive Strength
o :
s
w

D = diameter of round outlet or Stress or Strength

diagonal of slotted outlet
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Funnel flow bins

o
e
% —\ i Flow Channel Stress
s _ D
o | \\ | — =27
-} G(¢t)
fc ]
o
2
5 Cohesive Strength
P .
S
n
G(e,)f, |
P9

D = diameter of round outlet or Stress or Strength

diagonal of slotted outlet
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Mass flow vs. funnel flow

To prevent arching in a mass

1 flow bin:
g B = H(0')O e
% min
. 0,9
C ©
e To prevent a stable rathole in a
@ funnel flow bin:
Ocriticar / DF _ G(¢t)f C
P9

Major Principal Stress

0.(2)

_ P8R,
k tan ¢’

l—exp(_ktan¢ Z)]
R,
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Funnel flow hopper design

Critical rathole diameter depends on dimensions of cylinder section

3’-0” 1.D.

S
N A
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Funnel flow hopper design

Unconfined Yield Strength (kPa)

10 ————

7

/

/

0 2 4

6

Major Principal Stress (kPa)

10

O’_

D

F

_ P8Ry
' ktang'

_G@)/,

[-ex
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Funnel flow hopper design

Unconfined Yield Strength (kPa)

| p 66,
3 P8
4 //
: // ' o p,gR, —exp —k(tan@')h
g ' ktang' R
e /

Major Principal Stress (kPa)

0914/4

 _(615)9.8)(0.914/4) [1_exp(—(O.4)tan(21°)(0.914))] 4100 Pa

: (0.4)tan(21°)
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Funnel flow hopper design

Unconfined Yield Strength (kPa)

10

7

/

LA

6

Major Principal Stress (kPa)

10

_G(@) /.
0,8

f.=1.9 kPa
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Funnel flow hopper design

Angle of Friction (deg)

50

45

35

5. .

40 |

30 |

Maijor Principal Stress (kPa)

6

_G(9) /.
P&
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G(d,)

Funnel flow hopper design

G(o,)/,
DF — t’JC
P&
=w=1.0 m =39 1n.
(618)(9.8)
2 A A :. A 1 e ) i A A 1 A A A 2 i
0 40 50 60 70

Static Angle of Internal Friction ¢, (deg)
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Unconfined Yield Strength (kPa)

Funnel flow hopper design

2.0
1.5
1.0 p
AN
o
0.5 //

0.0 0.5 1.0 15 2.0

Major Principal Stress (kPa)
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Flow channel
I EEEESSNNNNNNNENENEEmENNENNEENENEEEENEENNEELEEEEE N —————.

Flow Channel
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Flow channel
.
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Flow channel

50
40 |
=)
g
% 30 PlaRaF ]
< 6, =65°-0.5cos™ ((1-sind)/sind)
z _ ]
£ 20
: I
[T
10 [
- Axisymmetric .
\\0545° ~0.5¢0s™'((1-8ind)/ (2sin 5))
20 30 40 50 60 70

Effective Angle of Friction (deg)
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Feeders

« Used to modulate the discharge rate of a
powder from a hopper, bin, or silo

* Qutlet must be large enough to prevent
flow obstruction and allow desired
discharge rate

 Slide gates should never be used to
control discharge rates

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




Rotary valves

AN\
\o{

Bad

—

Good
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Rotary valves

« Typical speed: 15-25 rpm
* Maximum speed: 35-40 rpm
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Screw feeders

Constant diameter, constant pitch Tapered shaft diameter, increasing pitch
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Constant pitch and shaft diameter

Jenike & Johanson
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Tapered shaft and increasing pitch

Jenike & Johanson
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Tricks for handling neurotic powders
"

e Inserts
e Converging/Diverging walls
e Agitation

e Air assistance

P oMes 3
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Inserts

Cone-in-cone Inverted cone
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Inserts

— — — e
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Inserts”2
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Converging/diverging

Diamondback Stacked wedges
a.k.a. LynFlow
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Converging/diverging
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Agitated feeders
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Agitated feeders

/— Extension hopper —\

Large enough to prevent
Steep enough for mass flow bridging or a stable rathole
(if required) \

Feeder ——  V————
ol IS

Agitator

Auger(s)
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Alr assistance
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60 T T T T T
Angle of Internal Friction
. . 30" 50°
50 —_—40° —60 =
Alir assistance o
(@)
c 40
——— <
C
O
S
Lt 20|
T
= 1| Mass Flow ]
0\/ L 1 1 1 Il
—————— 0 10 20 30 40 50 60
Hopper Angle (from Vertical)
Gas-permeable i,
membrane =
% 0.8
S
c) 06
2 .
\ 9
. ﬁ 04
Air >
\ [7)]
(O]
o [
o)
O
0.0
0 1 2 3 4 5
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Alir assistance
I EEEESSNNNNNNNENENEEmENNENNEENENEEEENEENNEELEEEEE N —————.
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Alir assistance

v ‘v“-o’.
’

Wy 7
i I

i)
L
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Alir assistance

.
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gt o
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1 =

(®100
oW

L EEay
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Vibrators
I —

a) no vibration

Material Fill Level A B C D E F G Cylinder
Lactose FastFlo ~ 1/2 Height @ . . ’ . . '
(L11) Full Height [$) . . . . . . .
MCCaviee WHiekt & @ @ @ © © @
PH200 (1.19) FullHeight @ @ (9] ® <5 ] [] ®
MCC Avicel V2 Height ® 6 & o o o
PH102(126) FulHier @ @ @ @ O @ N
MCCAviel NRHit @ @ @ @ @ @ @
PH101 (1.42) Full Height . . ‘ . ‘ . . '
Starch + Silicone ~ 1/2 Height . ' . . . @ ‘
0il (1.73) riEese @ @ @ @ O @ O @
Acetaminophen ~ 1/2 Height ‘ ‘ . © ‘ (@]
USPAPAPQO}) rulHaet @ @ @ @ @ © © @
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Vibrators
I

a) no vibration

Material Fill Level B C D E F G Cylinder
Lactose FastFlo ~ 1/2 Height @ ® @ [ ] ]

(L1D) Full Height ] @ [<) [&] @ @ D
MCC Avicel 172 Height ® © o o o o
PH200 (1.19)  Full Height @ [®] [ B &® ] [3] &
MCC Avicel V2 Height ® © o ¢ o o
PH102 (1.26) Full Height [&) [:2] @ ® ® B @
MCC Avicel 12 Height ® 6 6 o o o
PHI01 (1.42) Full Height ‘ . . ‘ . ‘ .

Starch + Silicone ~ 1/2 Height ‘ . ‘ . @ ‘
0il (1.73) Full Height @ [ ] @ ® ® ® [&]
Acetaminophen 12 Height ‘ . . @ . @
-USP APAP (2.03) Full Height ® © © o o o o
b) with vibration
Material Fill Level A B C D E G Cylinder
Lactose FastFlo ~ 1/2 Height ' . ‘ . . &

(11D Full Height . . . . . .
MCCavied NHaest @ @ @ @ @ © ©
PH200.19) fuiegt @ @ @ @ @ @ O @
MCC Avicel ~ 12Height @ [ ] ® O @®
PH102 (1.26) Full Height . . . . . . . .
MCC Avicel ~ 12Height @ @ [ ] @] & &

PH101 (1.42) Full Height . . . . ‘ . . ‘
Starch + Silicone = 1/2 Height ‘ . ‘ . .
0il (1.73) Full Height @ @ @ ® @ ® @ @
Acetaminophen ~ 1/2 Height . . ‘
USPAPAPQ2O) Fuikest @ @ @ @ @ @ O @O
W Mass Flow B Funnel Flow Rathole M Bridging
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Bin activators

Primary Baffle

Vibrator

Secondary Baffle
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Solids discharge rates
.

2(m+1)tan6’v2 _1- 2(m+1)cos@'sin(f+6') f, N 1 dP
Bg ’ p,gB P8 dz|

2(m+1)tan @’ gz 1 1_& 5 +2(m+1)cos0‘sin(ﬁ+6’)f(._1_0
Bg K, 2

P p,gB

N

’ Permeability
> e

—

B

Mehos, G., “Maximum Solids Discharge Rates from Hoppers”, Chem. Engr. Res. Des., 191, 564 (2023).
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Summary
"

 Flow obstructions
— Arching and ratholing
— Erratic discharge
 Flow properties
— Cohesive strength
— Compressibility
— Wall friction
e Design
— Outlet
— Hopper angle
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Rand Corporation Study

e Study by independent organization

e 40 solids processing plants in U.S. and
Canada

e Six-year duration
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Planned vs. actual start-up

E
-lg 35 i 1
£ 30 [{ W Planned e .
s i ]
C 25 [l s .
= [ ]
O 20 | .
:I) L i
e T 7]
© i ]
w L ettt e e e et e e ee e e et e ee e et e e ]
o 10
o) i ]
g 5 N - ------------------------------ ]
o i ]
Z ||

Liquid/Gas Solids

Feedstock
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Planned vs. actual start-up

2

-lg 35 E i

E 30 [ B Planned

8 s b B Actual

= i

o 20 [ ]

2> :

= o ]

8 [ ]

2 I ]

o 10F 1

(o)) i ]

I T ST NI -

' om W

< o L 1
Liquid/Gas Solids

Feedstock
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Planned vs. actual start-up

35

30

25

20

15

10

Average Start-Up Time (months)

B planned
B Actual .

Solids

Liquid/Gas

Feedstock
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Rand conclusions
I —hIm———————._

* 80% experienced solids handling problems

* Average startup time ca. 20 months (vs. 4
mo. for fluids)

 Typical performance 40 to 50% of design
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STORAGE AND FLOW
OF BULK SOLIDS

Greg Mehos, Ph.D., P.E.
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