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Quick review

• Flow problems
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– Mass flow
– Funnel flow
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Quick review

• Flow properties
– Cohesive strength
– Internal friction
– Compressibility
– Wall friction
– Permeability

• Mass flow hopper design
– Outlet size
– Hopper angle
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Mass flow hopper design

Stress or Strength

Cohesive strength (from flow function)

Bmin =
H( ʹθ )σCritical

ρbg

Critical stress
Stress = Strength

σCritical

Arch stress

σ =
ρbgB
H( ʹθ )
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Mass flow hopper design

Bmin =
H( ʹθ )σCritical

ρbg

S
tre

ng
th

 o
r S

tre
ss

Consolidation Pressure

Flow Function

Flow Factor
Slope = 1/ff

No Flow                  Flow

 σCritical

Major Principal Stress

St
re

ng
th

 o
r S

tre
ss

Hopper	Angle	from	Ver.cal	θ�

Ho
pp

er
	A
ng
le
	fr
om

	V
er
.c
al
	ϕ
�	

An
gl
e	
of
	W

al
l	F
ric
/o

n	
φ’
	



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

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

Funnel flow hopper design

Df
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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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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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DF =
G(φt )fC
ρbg
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Funnel flow bins

Stress or Strength

Flow Channel Stress

σ =
ρbgD
G(φt )

D = diameter of round outlet or
   diagonal of slotted outlet

St
ab

le
 R

at
ho

le
U

ns
ta

bl
e 

R
at

ho
le
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G(φt )fC
ρbg
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Cohesive Strength
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Funnel flow bins

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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Flow factor for funnel flow bins

1.2	

1.3	
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δ = 50°

Conical Planar

ff = 1.3* ff = 1.7

tan ʹφ = sinδ

Use flow channel value for hopper angle



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

Major Principal Stress (kPa) Major Principal Stress (kPa)

Major Principal Stress (kPa)Normal Stress (kPa)
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Shear cell test results
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Major Principal Stress (kPa) Major Principal Stress (kPa)

Major Principal Stress (kPa)Normal Stress (kPa)
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How do we choose the stresses?
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Major Principal Stress (kPa) Major Principal Stress (kPa)
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Regression of test results
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Flow function

Major Principal Stress (kPa)
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Bmin =
H( ʹθ )σCritical

ρbg
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Flow function

Major Principal Stress (kPa)
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Warren Spring
Polynomial with
 specified intercept

Bmin =
H( ʹθ )σCritical

ρbg
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Compressibility

Major Principal Stress (kPa)
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Compressibility

Major Principal Stress (kPa)
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ρb = ρbmin +ασ1
β

ρb − ρbmin =ασ1
β

ln(ρb − ρbmin ) = lnα +β lnσ1



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

Compressibility

ρb − ρbmin =ασ1
β

ln(ρb − ρbmin ) = lnα +β lnσ1

ρb = ρbmin +ασ1
β

σ1

ρb − ρbmin
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Wall friction

Normal Stress (kPa)
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Effective yield locus

sinδ =
σ1 −σ 2

σ1 +σ 2
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Wall stress

Wall Yield Locus
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Wall stress
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Wall stress
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Wall stress
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Wall stress
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Hopper design
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Mass flow hopper design

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

θ’
Bmin
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Flow properties
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Flow properties
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Mass flow hopper design
Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

θ’
Bmin
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)
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Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Slope = 1/1.4

σ1 = 0.30

factor if conical)

Mass flow hopper design

0.30
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Mass flow hopper design

25

30

35

40

45

50

0 2 4 6 8 10

A
ng

le
 o

f F
ric

tio
n 

(d
eg

)

Major Principal Stress (kPa)

0.30



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

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

σ1 = 0.30

Wall Yield Locus
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δ = 45°

factor if conical)

Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Hopper	Angle	from	Ver.cal	(deg)	
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factor if conical)
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Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Slope = 1/1.28

Mass flow hopper design

0.24
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Mass flow hopper design

σ1 = 0.24

Wall Yield Locus

Effe
cti

ve
 Yiel

d L
oc

us

ϕ’ = 31.5°

δ = 46°
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Hopper	Angle	from	Ver.cal	(deg)	

	 W
al
l	F
ric
.o

n	
An

gl
e	
(d
eg
)	 ϕ’ = 31.5°

θ’ = 9°

factor if conical)

Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Hopper	Angle	from	Ver.cal	θ�

Ho
pp

er
	A
ng
le
	fr
om

	V
er
.c
al
	ϕ
�	

An
gl
e	
of
	W

al
l	F
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/o

n	
φ’
	 1.2	

1.3	

Hopper	Angle	from	Ver.cal	θ�
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	fr
om

	V
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	ϕ
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of
	W
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ric
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n	
φ’
	

δ = 40° δ = 50°

@ δ = 46°, ϕ’ = 31.5°, θ’ = 9° ff = 
1.25

Hopper Angle (deg) Hopper Angle (deg)
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gl

e 
of

 W
al

l F
ric

tio
n 

(d
eg

)

An
gl

e 
of

 W
al

l F
ric

tio
n 

(d
eg

)

Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Mass flow hopper design

Slope = 1/1.25

0.22

Yes!



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

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Bmin =
H ( ʹθ )σCritical

ρbg

Mass flow hopper design

0.22

σCritical = 0.18

Slope = 1/1.25
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)

Mass flow hopper design

Bmin =
H ( ʹθ )σCritical

ρbg

0.22

610
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical) H(9o) = 2.13

θ’ = 9°

Hopper Angle (deg)

H
(θ

’)
Bmin =

H ( ʹθ )σCritical
ρbg

Mass flow hopper design
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Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)
Bmin =

H ( ʹθ )σCritical
ρbg

=
(2.19)(0.18)(1000)

(9.8)(610)
= 0.064 m = 2.5 in.

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

9°

2.5 in. I.D.

Mass flow hopper design



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

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

factor if conical)
Bmin =

H ( ʹθ )σCritical
ρbg

=
(1.110)(0.20)(1000)

(9.8)(611)
= 0.036 m =1.4 in.

1.4 in. I.S.

21°

Mass flow hopper design
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Short-cut method

1.2	

1.3	

Hopper	Angle	from	Ver.cal	θ�
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	fr
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δ = 50° 

Hopper Angle (deg) 
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Short-cut method
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Johanson (1985)
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Short-cut method

Axisymmetric

Planar

ff =1.118+ 0.285
(tanδ)1.59

ff =1.125+ 0.176
(tanδ)2.90

1.0

1.3

1.6

1.9

2.2

2.5

20 30 40 50 60 70

Axisymmetric (Conical)
Planar

Fl
ow

 F
ac

to
r

Effective Angle of Friction (deg)

Mehos (2019)

Johanson (1985)
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Short-cut method
Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

1.0

1.3

1.6

1.9

2.2

2.5

20 30 40 50 60 70

Axisymmetric (Conical)
Planar

Fl
ow

 F
ac

to
r

Effective Angle of Friction (deg)
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Short-cut method
Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Slope = 1/1.3

σ1 = 0.24
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Short-cut method
Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	
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1.0

1.3

1.6

1.9
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2.5
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Axisymmetric (Conical)
Planar
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Effective Angle of Friction (deg)

Short-cut method
Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	
δ = 46

ff = 1.39

Fl
ow

 fa
ct

or

Effective Angle of Friction (deg)
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Short-cut method
Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	

Calculate	Bmin	

Yes	

No	

Guess	ff	

Determine	σ1	from	
intersec/on	of	flow	factor	

and	flow	func/on	

Calculate	δ	

Select	θ’	that	allows	mass	
flow	(include	3°	safety	

factor)	

ff	
converged?	

Calculate	new	ff	using	
updated	values	of	δ,	φ’, 

and θ’			

Calculate	φ’	

Calculate	σcri(	ρb,	H(θ’)	
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ʹθ = 90°− 1
2
cos−1 1− sinδ

2sinδ

⎛

⎝
⎜

⎞

⎠
⎟−β

2β = ʹφ + sin−1 sin ʹφ
sinδ

⎛

⎝
⎜

⎞

⎠
⎟

ʹθ =
exp[3.75(1.01)(δ−30°)/10 ]− ʹφ

0.725(tanδ)1/5

ff = Y (1+ sinδ)H ( ʹθ )
2(X −1)(sin ʹθ )

X =
2i sinδ
1− sinδ

sin(2β + ʹθ )
sin ʹθ

+1
⎡

⎣
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⎤

⎦
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H ( ʹθ ) = 130°+ ʹθ
65
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200°+ ʹθ
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⎝
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1−i

TUNRA Analytical expressions

Mass flow hopper angles Flow factors
Conical

Planar, slotted outlet

i = 1: conical,  i = 0: planar, slotted outlet

Y = [2(1− cos(β + ʹθ ))]i sin ʹθ (β + ʹθ )1−i + sinβ sin1+i (β + ʹθ )
(1− sinδ)sin2+i (β + ʹθ )
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B = 0.304 m = 12 in. I.D.
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No	
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Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

Mass flow hopper design
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σ1 =
ff ρb(σ1)gB
H ( ʹθ )

ff =
σ1
σ1

σ1 =
ρbgB
H ( ʹθ )

B = 0.304 m = 12 in. I.D.

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

σ1 =
ff ρb(σ1)gB
H ( ʹθ )

ff =
σ1
σ1

σ1 =
ρbgB
H ( ʹθ )

B = 0.304 m = 12 in. I.D.

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

σ1 =
ff ρb(σ1)gB
H ( ʹθ )

ff =
σ1
σ1

σ1 =
ρbgB
H ( ʹθ )

B = 0.304 m = 12 in. I.D.

Conical																			Pyramidal																		Wedge-shaped													Transi6on																			Chisel	

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

σ1 =
ff ρbgB
H ( ʹθ )

=
(1.4)(610)(9.8)(0.305)

(2.3)(1000)
=1.2

B = 0.304 m = 12 in. I.D.

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Mass flow hopper design
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σ1 = 1.2

Wall Yield Locus

Effe
ctiv

e Y
ield

 Lo
cu

s

ϕ’ = 23°

δ = 43°

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

σ −σ avg( )
2
+τ 2 = R2

ʹτ = a σ '( )
2
+bσ '+ c

Mass flow hopper design
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Hopper	Angle	from	Ver.cal	(deg)	

	 W
al
l	F
ric
.o

n	
An

gl
e	
(d
eg
)	

ϕ’ = 23°

θ’ = 20°

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

ʹθ = 90°− 1
2
cos−1 1− sinδ

2sinδ

⎛

⎝
⎜

⎞

⎠
⎟−β

2β = ʹφ + sin−1 sin ʹφ
sinδ

⎛

⎝
⎜

⎞

⎠
⎟

Mass flow hopper design
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Hopper	Angle	from	Ver.cal	θ�

Ho
pp

er
	A
ng
le
	fr
om

	V
er
.c
al
	ϕ
�	

An
gl
e	
of
	W

al
l	F
ric
/o

n	
φ’
	 1.2	

1.3	

Hopper	Angle	from	Ver.cal	θ�

Ho
pp

er
	A
ng
le
	fr
om

	V
er
.c
al
	ϕ
�	

An
gl
e	
of
	W

al
l	F
ric
/o

n	
φ’
	

δ = 40° δ = 50°

@ δ = 43°, ϕ’ = 23°, θ’ = 22°  
ff = 1.39

Hopper Angle (deg) Hopper Angle (deg)

An
gl

e 
of

 W
al

l F
ric

tio
n 

(d
eg

)

An
gl

e 
of

 W
al

l F
ric

tio
n 

(d
eg

)

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

ff = Y (1+ sinδ)H ( ʹθ )
2(X −1)(sin ʹθ )

X =
2i sinδ
1− sinδ

sin(2β + ʹθ )
sin ʹθ

+1
⎡

⎣
⎢

⎤

⎦
⎥

Y = [2(1− cos(β + ʹθ ))]i sin ʹθ (β + ʹθ )1−i + sinβ sin1+i (β + ʹθ )
(1− sinδ)sin2+i (β + ʹθ )

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

H(20°) = 2.31

θ’ = 20°

Hopper Angle (deg)

H
(θ

’)
H ( ʹθ ) = 130°+ ʹθ

65
⎛

⎝
⎜

⎞

⎠
⎟

i
200°+ ʹθ
200°

⎛

⎝
⎜

⎞

⎠
⎟

1−i

Mass flow hopper design
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σ1 =
ff ρb(σ1)gB
H ( ʹθ )

ρb = ρbmin +ασ1
β

σ1 =1.06

ρb = 614

σ1 = 1.08

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

ρb = ρbmin +ασ1
β

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Mass flow hopper design
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Hopper	Angle	from	Ver.cal	(deg)	

	 W
al
l	F
ric
.o

n	
An

gl
e	
(d
eg
)	

ϕ’ = 21°

θ’ = 22°

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

ʹθ = 90°− 1
2
cos−1 1− sinδ

2sinδ

⎛

⎝
⎜

⎞

⎠
⎟−β

Mass flow hopper design
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δ = 40°

@ δ = 43°, ϕ’ = 21°, θ’ = 22°  
= 1.39

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

ff = Y (1+ sinδ)H ( ʹθ )
2(X −1)(sin ʹθ )

X =
2i sinδ
1− sinδ

sin(2β + ʹθ )
sin ʹθ

+1
⎡

⎣
⎢

⎤

⎦
⎥

Y = [2(1− cos(β + ʹθ ))]i sin ʹθ (β + ʹθ )1−i + sinβ sin1+i (β + ʹθ )
(1− sinδ)sin2+i (β + ʹθ )

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

H(22°) = 2.35

θ’ = 21°

Hopper Angle (deg)

H
(θ

’)

H ( ʹθ ) = 130°+ ʹθ
65

⎛

⎝
⎜

⎞

⎠
⎟

i
200°+ ʹθ
200°

⎛

⎝
⎜

⎞

⎠
⎟

1−i

Mass flow hopper design
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Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

Choose	B	

Guess	σ1	

Select	θ’	that	allows	mass	flow	
(include	3°	safety	factor)	

σ1	converged?	

Calculate	ff	

Calculate	H(θ’)	

Update	δ,	ϕ’	

Yes	

No	

Solve	σ1	=		ff	ρbgB	
																					H(θ’)	

θ’ is recommended value	

Determine	δ,	ϕ’	

ρb = 614

σ1 = 1.08

Major Principal Stress (kPa)

Bu
lk

 D
en

si
ty

 (k
g/

m
3 )

Mass flow hopper design

σ1 =
ff ρb(σ1)gB
H ( ʹθ )

ρb = ρbmin +ασ1
β

1.08 = (1.08)(614)(9.8)(0.305)
(2.32)(1000)
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Mass flow hopper design
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