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Happiness Equals Reality Minus Expectations
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Outline
• 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
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

0
0
0
0

Arching/Bridging
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Bridging
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Obstructions to flow
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Arching/Bridging Ratholing
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Flow patterns

Mass flowFunnel flow
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Funnel flow
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Mass flow
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Andrew Jenike
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• Cohesive strength
• Internal friction
• Bulk density/compressibility
• Wall friction

Fundamental flow properties
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• Cohesive strength
• Internal friction
• Bulk density/compressibility
• Wall friction

Allows calculation of hopper outlet 
dimensions required to prevent flow 
obstructions

Fundamental flow properties
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• Cohesive strength
• Internal friction
• Bulk density/compressibility
• Wall friction

Allows calculation of hopper outlet 
dimensions required to prevent flow 
obstructions

Used to determine hopper angles that 
ensure mass flow

Fundamental flow properties
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Shear cell testers

       

 Jenike 
Direct 
Tester

Schulze
RST-XS.s

Brookfield 
Engineering 
PFT

Micromeritics 
Freeman 
Technology FT4
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Cohesive strength 
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Cohesive strength
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Cohesive strength

Major Principal StressU
nc

on
fin

ed
 Y

ie
ld

 S
tr

en
gt

h
Flow Function



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

Cohesive strength

Flow Function

Major Principal Stress (kPa)
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67/29/4 blend of acetaminophen/Avicel/hydroxypropyl cellulose
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FFC

FFC = σ1
fC

< 2 Non-flowing
2 – 4 Cohesive
4 – 10 Easy flowing
> 10 Free flowing

Flowability Coefficient
FF
Flow Function
Flow Factor

Major principal stress

Unconfined yield strength
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FFC
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4 – 10 Easy flowing
> 10 Free flowing
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Internal friction

Internal Friction

Major Principal Stress (kPa)
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Effective angle of friction

Kinematic angle of internal friction
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Compressibility

Normal Stress (kPa)
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Bulk Density
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Wall friction

Wall coupon

 
tanφ ' = Shear Stress

Normal Stress
= µ

Wall Yield Locus
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Mass flow hopper angle



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

Mass flow hopper angle



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

Mass flow hopper angle
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Mass flow hopper angle
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Mass flow hopper angle
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Transfer chutes
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a = g(sinθ − cosθ tan ʹφ )

For flow, θ > ϕ’

= g cosθ (tanθ − tan ʹφ )
𝑚𝑔cos𝜃 tan𝜙′

𝑚𝑔sin𝜃
𝑚𝑔

θ

Transfer chutes
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a = g cosθ (tanθ − tan ʹφ )

𝑚𝑔cos𝜃 tan𝜙′

𝑚𝑔sin𝜃
𝑚𝑔

θ

Transfer chutes and diverter valves
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a = g cosθ (tanθ − tan ʹφ )

𝑚𝑔cos𝜃 tan𝜙′

𝑚𝑔sin𝜃
𝑚𝑔

θ

Transfer chutes and diverter valves
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Pressure distribution
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Pressure distribution
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Bulk Solid - Janssen Eq
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D =10 ft
ρ or  ρb = 62.4 lb/cu ft
ʹφ = 20°

H =100 ft

Stress

Pressure distribution
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Stress

Initial fill

Pressure distribution
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Stress

After discharge (mass flow)

Pressure distribution
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Arch stress
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Stress on abutments of arch:

B
1s1s

gbr

′θ

σ1 ≈
ρbgB
2

Arch stress



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

Arch stress

Stress on abutments of arch:

:

B
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Stress

After discharge (mass flow)

Pressure distribution 

Consolidation Stress
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Cohesive strength
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Cohesive strength

Stress or Strength

Cohesive strength

Solids Stress
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Arch stress

Stress or Strength

Cohesive strength

Arch supporting stress
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Arch stress

Stress or Strength

Cohesive strength

Arch supporting stress

Stress > Strength
Strength > Stress
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Arch stress

Stress or Strength

Cohesive strength

Arch supporting stress

Stress > Strength
Strength > Stress

σCritical
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Critical arching dimension

Stress or Strength

Cohesive strength

Arch supporting stress

Stress > Strength
Strength > Stress

Arch stress

σ =
ρbgB
H( ʹθ )

Bmin =
H( ʹθ )σCritical

ρbg

σCritical
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Flow factor
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ff =1.118+ 0.285

tanδ( )
2

• Flow function (FF)
Relationship between 
major principal stress 
and cohesive strength

• Flow factor (ff)
Ratio of major principal 
stress and arch 
supporting stress

ff =
σ1

σ1

=
major principle stress

arch stress
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Bmin =
H( ʹθ )σCritical
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Example: existing hopper
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Flow properties
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Flow properties
Flow Function

Major Principal Stress (kPa)
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FFC = 7
“Easy-flowing”
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Mass flow hopper angle

Normal Stress (kPa)Normal Stress (kPa)
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Outlet diameter
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Recommended mass flow hopper

240 mm

9°

Bmin =
H ( ʹθ )σCritical

ρbg
=

(2.15)(900)(1000)
(810)(9.8)

= 240 mm

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

Flow Function Wall Friction

Major Principal Stress (kPa)
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Control

+ 0.25% SiO2

+ 0.5% SiO2

Control + 0.25% SiO2

+ 0.5% SiO2
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100 

30° 

100mm 

100 

30° 

100mm 

22°

FFC = 15 – “Free-flowing”
Critical arching dimension: 100mm
Rec’d mass flow hopper angle: 22°
Funnel flow

100mm

Add fumed silica (Cab-O-Sil M-5P)



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

Funnel flow bins

StressD = diameter of round outlet or
diagonal of slotted outlet

Major Principal Stress

σ v (z) =
ρbgRH
k tan ʹφ

1− exp −k tan ʹφ z
RH
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Funnel flow bins

Stress or Strength

Cohesive Strength

D = diameter of round outlet or
diagonal of slotted outlet

Major Principal Stress
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Funnel flow bins

Stress or Strength

Cohesive Strength

Flow Channel Stress

σ =
ρbgD
G(φt )

D = diameter of round outlet or
diagonal of slotted outlet
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ab

le
 R

at
ho

le
U

ns
ta

bl
e 

Ra
th

ol
e

fC



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

Funnel flow bins

Stress or Strength

Flow Channel Stress

σ =
ρbgD
G(φt )

D = diameter of round outlet or
diagonal of slotted outlet

St
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e

DF =
G(φt )fC
ρbg

fC

Cohesive Strength
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Funnel flow bin

100 

30° 

100mm 

100 

30° 

100mm 

Critical rathole diameter: 150 mm

150 mm

DF =
G(φt )fC
ρbg

= (2.8)(0.42)/[(780)(9.8)] = 0.15 m = 150 mm
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Mass flow vs. funnel flow

σcritical

fc

Bmin =
H( ʹθ )σ critical

ρbg

DF =
G(φt )fC
ρbg

To prevent arching in a mass flow 
bin:

To prevent a stable rathole in a 
funnel flow bin:1/ff

Major Principal Stress
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1− exp −k tan ʹφ z
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Add mag stearate

Flow Function Wall Friction

Major Principle Stress (kPa)
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Control

+ 0.5% SiO2, 0.5% MgSt

Control

+ 0.5% SiO2, 0.5% MgSt
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Add mag stearate

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

50mm

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



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

Summary
• Flow properties
• Cohesive strength
• Internal friction
• Compressibility
• Wall friction

• Flowability metrics
• Arching diameter
• Ratholing diameter
• Mass flow hopper angle
• FFCX
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www.mehos.net
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www.mehos.net/downloads

Hopper Design Files
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www.mehos.net/downloads

URI Notes

Password: Tommy
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