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BioFuel and Biochar in one step

FEEDSTOCKS
Biochar production
processes utilize
cellulosic biomass
such as wood chips,
corm stover, nce
and peanut hulls,
tree bark, paper
manure and most
urban, agncultural
and forestry bio-
mass residues.

Pyrolysis is a thermochemical decomposition of organic material at
elevated temperatures without the participation of oxygen.



Biomass Pyrolysis Products-importance of residence time

Liquid Char Gas

Fast pyrolysis

Moderate temperature 75% 12% 13%
Short residence time

Carbonisation
Low temperature

_ _ 30% 35% 35%
Long residence time
Gasification
High temperature 504 10% 85%

Long residence time

Source: Review of Fast Pyrolysis of Biomass, Stefan Czernik, National Renewable Energy
Laboratory



Novel gas separation method

Gas & . 2
Solids Inlet |'

More uniform mixing

Downer ——
5 More uniform gas phase .
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A Novel downer reactor geometry

The institute for Chemical and Fuels from
Alternative Resources (ICFAR) at the

Western University (Huard et al, 2010) Schematic of calculation domain and

mesh

Reference: Martin Huard, Franco Berruti, and Cedric Briens, 2010. Experimental study of a novel fast gas-solid separator for pyrolysis reactors,
Vol 8, Article A134 (DOI: 10.2202/1542-6580.1969)



ODbjectives

Our objectives are to investigate the effect of various separator
geometries, operation conditions and particle properties on the
separation efficiency in a downer pyrolysis reactor.

To provide optimal operation condition to improve separation
efficiency for equipment design and development.



Governing equations: Continuity, Momentum, Energy

Solid phase: 5
continuity equation: (C;stps) + V(agpsiig) = 0
d(agpu . =
momentum; . Sapts 5) + V(agpstisis) = —asVP — VP, +V (%S) +B(uy —ug) + F
Gas phase:
Ui ion- d(agpy) —
continuity equation: - + V(agpgug) =0
- 9(agpgily) ~ = =
momentum: ™ + V(agpgugly) = —ay,VP + 7 (Tg) —B(uy —us) +F

Energy equation (granular temperature):

3[9(aspsT)

7 ot + V(aspsT)ﬁs] = (_Ps7 + ?s) : Vﬁs _ V(KTVT) —Yr —Jr



Gas and solid phase boundary/operating conditions

Boundary/operating condition

Gas mass flowrate, ni, [kg/s]
Gas density, p, [kg/m?]

Gas dynamic viscosity [kg/(m.s)]
Gas outlet pressure, Py, [Pa,]
Apparent particle density, pp [kg/m?]
Solid mass flowrate, ni [kg/s]
Particle size, D, [um]

Angle of cone deflector [degree]
Separation length, Lg [m]

Value
0.0039,0.0239,0.0439
1.2
1.8x10-°
0
2650
0.004, 0.02,0.04,0.08
60,200
60, 90, 120
0, 0.035, 0.07




Model setup for numerical experiment

Granular shear stress Gidaspow et al.
Diffusion of granular temperature Gidaspow et al.
Drag Syamlal and O’Brian
Turbulence K-epsilon, RSM
Particle-particle restitution 0.9
Particle-wall restitution 0-~1
Frictional Viscosity Johnson et al
Bulk viscosity Lun et al
Solids pressure Lun et al
Radial distribution function Ogawa et al

Specularity coefficient 0~1




Eulerian vs Lagrangian

Lagrangian (Discrete Phase

Eulerian Modeling
: Many particles, High mass a fairly low volume fraction,
Mass loading loading usually less than 10-12%

: Continuum equations for gas
Gove:_n 'n9 Continuum equations for phase; the particulate phase is
equations both gas and solid phases treated as single particles

(Newton’s second law)
Instantaneous monitoring : :

: : At the end of particle tracking
Sep_a_ratlon mass Flux ratio : duration, mounting number ratio
efficiency (output/input) at any time (trapped at the outlet /injection)

point

o Johnson and Jackson (1987)
Restitution wall boundary condition:
coefficient specularity coefficient and
(particle- the particle—wall restitution
wall) coefficient.

Normal and tangential
component of the particle—wall
restitution coefficient.




Impact of boundary condition at the wall

Johnson and Jackson
(1987) ¢ s

vS,W -
Figure 7.3 Particle Track Behavior at a Wall Boundary

Discrete phase model in Fluent

as,max 5US,W

V30mppsasgoss ON

Perpendicular Restitution Coefficient = 0.5
Parallel Restitution Coefficient = 0.75
Impact angle in radians = ¢

TWaIINommI @ _ kS@ 5@W + \/§n¢psa5v.s2,slipgo,ss 03/2
: : > Yw oOn 05 maxVw
9.2mis I |
| | | Ta.6mis
! ’ '/TI . \/§7T(1 - e\%})psasgo,ss @3/2
I“ 12.8 mis pl‘. 9.6 mis Irl ]/W B 4as,max

(from ANSYS Fluent 14.0 Manual)

where @ Is the specularity coefficient and e, Is

No-slip BC in Fluent the particle-wall restitution coefficient.
US,N = O, US,T =0

vS,N = O, vS,T * 0
UG,N = O, vG,T =0

vG,N = O, vG’T =0

@ -0 Zero shear at the wall
©—1 A significant amount of
Lateral momentum transfer



Separation Mechanism and Force Analvsis
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Effect of downstream particle accumulation

solid mass flow rate 0.08kg/s

gas mass flow rate 0.0039kg/s § 100 LTI TR L

= % < 7100

1+ 2 r memedeaa- ressure etween Line B and gas outlet

The boundary condition 5 = Fresae diop beeen Line B and gas ulet

.g 96} fay A
Cwall = 0.9, Pwall = 0 = O _g 7000} -

5 o4} RS ° -

= =

= Z 6900/

g 92; “ootfvo-o- particle size 200pm § AT

o s o7 particle size 60pm s
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flow time (s) Flow time (s)

»
»

Particle accumulation increasing

~
~
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The result indicated that the effect of downstream particle
accumulation was strong, the gas separation efficiency is decreasing
due to the effect of pressure change.
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Effect of gas Inlet velocity

solid mass flow rate 0.004kg/s S 100.00
gas mass .flow_rate 0.003%kg/s oo T ® 1» The effect of gas velocity on separation is weak
Particle size 200um . )
99,90 | for large silica sand particle (200 pm).

The boundary condition

Separation efficiency, 7 (%

99 .85
Cwall = 0-91 Pwau = 0
T e R T?
Gas inlet velocity (m/s)
0.0008
"""" O Solid volume fraction at Ugas;n=1m/s
==0-- Solid volume fraction at Uz im=5m/s
0.0006t ----2--- Sohd volume fraction at Ugas in=10m/s7
—_ L s
| @
200004} g |
é/: @] IE
0.0002¢
00000 1Y -7 0 T 0 - R - S ) 2
) -1.0 -0.5 0.0 0.5 1.0
Sample line /R
(@) 1m/s  (b) 5Sm/s Solid volume fraction
~ . .
10} RN
40 (m/s) ‘ A@;-"'A A
N
\ w
|l =8 || % Ag ®owl
=\ = SSgm B0 mBo Y
/fa R )] - - R OO gy
Vs R AN ' A \;::Do" ....... ; ; -
‘@i Ay a3 G STl
" | .:;:\ o 5 o Gas axial velocity at Ugys in=1m/s
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Sample line Gas axial velocity
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Effect of solid loading

gas mass flow rate 0.0039%g/s < o |
Particle size 60pum SR RS . . . . .
H 2 ogf » The separation efficiency is decreasing as solid
The boundary condition £ ol e loading increased.
ewatr = 0.9, Pyau =0 .E oal
2
T 92}
=
(8]
E % 5 10 15 20
Solid Loading (mgs/m,)
0.010 —%—Solid volume fraction at riiS‘:O‘OS(kgj's)
O -Solid volume fraction at riig=0.04(kg/s)

Ny 0.008f -0--Solid volume fraction atrhj:O‘OZ(kg/s)

‘:%, 0.006 % -2~ Solid volume fraction at ms:O‘OOdl(k "

é =

= 0.004

j——— 7
% 0.002k
Sample line
0.000, 5 0.0 0.5 1.0
/R

UGas(m/S)

- - - Gas axial velpcity at s =0,004(k, )%
,7—5"'§asax1 vnF:c%a%msf. i S?
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as axial velocity at ms=0.

~10  —05 0.0 05 1.0
Sample line /R

(a) Ling/ing (b) 5 ing/ing(c) 10 ing/1n, (d) 20 ing/in,

Gas axial velocity



Effect of conical deflector angle

as mass flow rate 0.0039kg/s s 100= . . . .
9 Particle size 60w J = gl The separation efficiency is decreasing as
W 3 conical deflector angle increased.
.. 2 90}
The boundary condition 2 .
_ _ ] 85} b__
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: 5 .
5 T
@ 75t :
60 80 100 120
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0.0020 ‘ : :
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Effect of separatlon length

gas mass flow rate 0.0039kg/s
Particle size 60um

The boundary condition
ewatr = 0.9, @yau =0

3x 1073

100

Separation efficiency, 7 (%)

' Sample line

95t

90t

85t

80¢

75t

[~ ~] ~
5 (m/s) KRR
| | ’;““
A [ Vs | 4 i\ |
. M | ) / \ | / &'.
VAN i \} 7 N
' 2\ = fos =Y
B o\ | | ~
| w ‘\ 1 -t“ { ;.-1;’; s {
0 ' ! 0/
~ z ~
L
(a)§i=o (b)—S—OS (c)—5=1
c

D¢

&
<

Sample line

. increased.
ey
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Normalized separation length(Z,/D.)
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» The separation efficiency is
decreasing as separation length



Effect of particle-wall interaction

100.C SO -
solid mass flow rate 0.004kg/s
gas mass flow rate 0.0039kg/s - S— g
99.0 A highrestitution coefficient.low specularity coefficient

The boundary condition
ewait = 0.9, @yau =0

o low restitution coefficient high specularity coefficient
= === particle size 200 tm
98.5f particle size 60 m

Separationetficiencyn (%)

98.0

ed;‘ﬂ;‘ClDI:O'g.' edeﬂeclarzo-l.
Waetlector=0 Pefizctor=0.8

effect of particle-wall interaction at conical deflector on gas separation efficiency

. 100.C
solid mass flow rate 0.004kg/s =
gas mass flow rate 0.0039kg/s 5 903 e B
L. % 99.0 A lowresl?"mr:{m coefﬁc.ient.l?w SpEE‘.llari‘.l'_\_-’ coefﬁci.em
The boundary condition E 5 i vesition octicien hgh apomlrty cocticiem
econe — 0.9’ (pcone — O g 985 7 high restitution coefficient.low specularity coefficient
98.0

exan=0.2, €xan=02, €yai=0.8, €way=0.9,
l.F\"all:O ?\"111:0-8 ?\\'311:0-8 l.F\"all:O

effect of particle-wall interaction on gas separation efficiency

» The effect of particle-wall interaction of conical deflector on separation efficiency is weak



Effect of particle size

Solid loading  Particle Particle collection
(kg/s) size (um) efficiency (%)
5 .
0.08 60 95.270 o e s
4l R partile siee S0t
0.08 200 99.999 o,
= A
z ' AR
:302 oo )&ﬁ &"ﬁ“
1 g E"Zig@-oqa ]
/ mﬂﬁ‘a&
S o3 0.0 0.5 1.0
/R

Gas axial velocity

» The results indicated that the gas separation efficiency was closely linked to particle size.
Small particle (60 um) can be entrained much more easily by gas flow in gas outlet zone.
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S 1.0t R 00002} ’
e A : o ©
0.5t é\é“f;“&ﬁgﬁ Aig&‘ ] \%gﬂm} ..o m_@,.e-‘;z-‘x@
: %g& 0.0000 e
0.0 . ‘ . - 10 05 00 0.5 1.0
-1.0 -0.5 0.0 0.5 1.0 /R
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Gas axial velocity

gas mass flow rate 0.0039%g/s

Solid volume fraction

The boundary condition
ewair = 0.9, @yau =0



Summary and Future work

It is concluded that the gas separation efficiency is, to a great extent, independent
of the gas inlet velocity and surface properties of the conical separator and wall,
but strongly influenced by the solid loading, particle size and geometrical
configuration (e.g. separation length, conical deflector angle)

Further work will be on extending the developed hydrodynamic model for the novel
downer reactor to simulate hot reactive system for biomass pyrolysis.
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