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Abstract — Devolatilization is an important mechanism in the gasification and pyrolysis of woody biomass, and has to
be accordingly considered in designing a gasifier. In order to describe the devolatilization process of wood particle, there
have been proposed a number of empirical correlations based on experimental data. However, the correlations are lim-
ited to apply for various reaction conditions due to the complex nature of wood devolatilization. In this study, a simple
model was developed for predicting the devolatilization of a wood particle in a fluidized bed reactor. The model con-
sidered the drying, shrinkage and heat generation of intra-particle for a spherical biomass. The influence of various
parameters such as size, initial moisture content, heat transfer coefficient, kinetic model and temperature, was investi-
gated. The devolatilization time linearly increased with increasing initial moisture content and size of a wood particle,
whereas decreases with reaction temperature. There is no significant change of results when the external heat transfer
coefficient is over 300 W/m?K, and smaller particles are more sensitive to the outer heat transfer coefficient. Predicted
results from the model show a similar tendency with the experimental data from literatures within a deviation of 10%.
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O 250~500 °Collx] LAYsE7] AJah, o] w sk A 7}
(volatiley= Hlo] ml 2 AR} F712] oF 80%ell sielrt. meb
7¥st T 23 P2 Fast WU T shiolw, 7}
/\i}ﬂfﬂ A A REEA] arEofof & g otk B g A 4
R M % o] kS o]-88l] wiigel Al
o] HRdE v ~’F Rhd, sl Ade) 2349 vE Be- o
gt njo] Quj A0 5435 Wk % S e}, wEbA Table 197141
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2. Modeling

2-1. =9 O

Table 1974 % % g15%0], e AFAEe] o8] %41 7] wjol &
w2~ @ iR} (single particle)ell thgh 7814 RElo] JpTE] gl om,
U4 © 2 drying, internal convection, shrinkage, heat generationS-
ek Slek, AR A= ) 22 A wlo] el 10~
50%2] 88 B Gk WAk L] e A A S
Aol &= vIAA HEE, w07 HAxwdy g 2 gt
d5)-S F38H FTH1]. Internal convections> YA} Ul-2] &3]
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Table 1. Devolatilization models for wood particle in fluidized bed
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pyrolysis reaction)®]2} 21 22} G138l HE-5-(secondary pyrolysis

reaction)> tar cracking (tar—light gas), tar repolymerization (tar—>char)
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2. A} U] Qg2 A% (heat conduction)ell SJaiA et %1

Model description

Author Dimension Shape Moisture Internal convection Shrinkage Heat generation
Semino and Tongnotti [10] 1-D Cylinder No Yes No Yes
Di Felice et al. [11] 1-D Sphere No Yes No Yes
Di Blasi [12] 1-D Cylinder No Yes No Yes
de Diego et al. [6] 1-D Sphere Yes No Yes No
Jand and Foscolo [5] 1-D Sphere No No Yes No
Luoetal. [13] 1-D Sphere No Yes Yes Yes
Kersten et al. [9] 1-D, 2-D Cylinder Yes Yes No No
Saastamoinen [14] 1-D Cuboid, Cylinder, Sphere Yes Yes No Yes
Sreekanth et al. [15] 2-D Cylinder Yes No Yes Yes
Sudhakar and Kolar [16] 3-D Cuboid Yes No Yes Yes
Gronli and Melaaen [17] 1-D Slab No Yes No Yes
Bharadwaj et al. [18] 1-D Sphere Yes Yes No Yes
Papadikis et al. [8] 1-D Sphere No Yes No Yes
Bryden and Hagge [7] 1-D Slab Yes Yes Yes Yes
Larfeldt et al. [19] 1-D Cylinder Yes Yes Yes Yes
Babu and Chaurasia [20] 1-D Cylinder No No Yes Yes
This study 1-D Sphere Yes No Yes Yes
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(internal convection f-A]).
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o). 7F8 e Fal A3 Hlol QA Ak AgkEo] 99%
o wf, SR Sk AR (1) 0 G B3I, frE st viAle] T
AR E3]ite]] S XA o= A 0= LA SIvH26).
2A 53t AR dAo] 238 ARESle feEl EAE Al
(heat transfer coefficient)S AXFSIATHIY 84).

SR WS- Fig. 1914 2 7 Q150] it T2 R-1), 7Y 9
2 A (R-2), BEE 2 A R-3), 3 A R-4) 0% AIE
714 WEE R-2, 3, 4= B4 REgo)7] ujoll, WHapel] wet & A
‘&) DEA Fnk. wEbA JEigkel HE H & AE Ee
7F gl& wnk opuel, A¥A el v A S YEdTh
[7,9,17,27].
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2-3. KJe HEA

Hlo] @uiA Tl QJrte] Bk 3PS |53k Slate], vl 9
ZF= N7IE] control volume® 2 #&31o] ALFsISItH(Fig. 2). kA
A3 7 100 gJste] YAk SAlE 712 i (symmetry)©]
B2, g2k SAEDTEH HAFE=N)7H NS AR (grid
point) &= E-&sI3ict. wkA] 2] control volume Fig. 29} 2
©], wet wood, dry wood, reacted wood (char and void)% T~}
olF A o® YehfH the 2t

R-1
Moisture =~ ———» Water vapor
R-23 Volatiles
i (gaseous+tarry)
Dry biomass
R-4 Char
Fig. 1. Reaction scheme for wet wood particle; R-1: drying, R-2,3,4:
devolatilization.
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Fig. 2. Particle discretization and discrete volume generation (Left),
Char and void formation during devolatilization (Right).
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Table 2. Summary of the equations used in devolatilization model for
single wood particle

Equation
Conservation of wood ©p,)ot= 0,
Conservation of moisture ©p,ot=a,,
Conservation of char ©p)ot= o,

Conservation of water vapor

©Op,)/ot= b,
Conservation of gaseous volatile (5p,,)/0t = @,

Conservation of tarry volatile ~ (Op,,)/0t= @,
(PsChs T €6Cp0)
Conservation of energy or_12 (rz ea_T) “H,,—H,
ot 120 or

Wood production rate 0, =—(ky T k3 +kyp,,

Moisture production rate @, =-k;p,,
Char production rate 0, =kup,,
Water vapor production rate @, =k,p,,

Volatile production rate 0, = 0, + 0, =(k +kp,

Hdev = (’b‘wAhl + (ngAh2 + d)thh3 + (’OCAh4

Hr = (d)wvcpwv + (’bgvcpgv + d)fvcp,tv)T

Heat of devolatilization
Heat of released gas phase




s HEs71IMe] A vlolerlis Sixje] ERd oS 2 853

Table 3. Physical parameters used in the simulations

Property Correlation/value Unit Reference
Density P.o = 500 (initial value) kg/m?
P, = 50 (initial value) kg/m’
p=1.76 (at 293 K) kg/m® [11]
Thermal conductivity ke =Keppa t Kaa W/m-K [17]
Keona = fk,, + £k, + kg + 1.k, W/m-K [17]
K= f‘f_% Ot T W/m-K [17]
k, =0.13 + 0.0003 (T-273) W/mK [28]
k.= 0.08 +0.0001 (T-273) W/mK [28]
k;=25.77+107 W/mK (17]
k, = 0.58 (at 273 K) W/mK [29]
Specific heat C,,, = 0.1031 +0.003867T kl/kg'K [30]
C,.=1.39+0.00036T kl/kgK [31]
C,p=4.182 kl/kgK [32]
Cpr =077 +(6.29x107HT - (1.91x107)T> kl/kg'K [17]
Cpp==0.1 +(44x107)T - (1.57x10°)T> kl/kg'K [17]
Cpoe = 0.0006T + 1.667 k)/kgK [33]
Diameter of pore o = 1o T 14,0 m [17]
= 5.0x107 m [17]
Ay =1.0x107* m [17]
Void fraction e=1-(p,, +p.)/1500-p,/1000 [34]
Emmisivity ®,,=0.8 [35]
0,=0.7 [35]
Stefan-Boltzmann constant 6=5.67x10"% W/m>K*

9] St} Asfjof] e homogeneous Y Wl hE & AR EF
< Xt seok A E VA ERe oA B sYs =
—=

7R, A SA] QA R BEEATeY 4, 61). B2
HE A 2= Table 39 Hdsigith.

2

2-4. 98 Y™ TF (Effective thermal conductivity)

4 vlo] Qui o] AGES Al W 25, UE,
e uhet WakA| ok G A%, Ui, AR S5EE
Ao A, T YA U2 Qg @A Felol dHE A
e Table 30 YERH vle} o] 8 G =8 (effective thermal
conductivity, k)= 718 5 3t QA% (conductivity, k)2 "l
AL TAPFEEES vio) eu 2, =, 21 B2 F5(void, £)2] 7]
Ao, REg-o] g e m} A EEr}t w2 2o} F=he] u]go]
A7) wiizell, 3l control volume®] B 5E-2 Yot} Gronli
2} Melaaen[17]°1] &J3ll A|FE EHAMI %S (radiative conduction,
K= PRS- Ho] a9} #e] WAl 57 (pore, d,,, )& S ©1F
ox|m], Aefa] ok = gl5o] 2] 35(Tell nldste] ghe] 14
Al €t

2-5. RES QM A=
AN 0 7 [§E5olxM el ARG Al (hye i (h) B HAM
(h) A Ale] gow e S Qltk(Table 4). tii e
Al (h = vhol Lui2ae} B k] A71el PGS vkon, HAM
A Al (h Y= LAk 2ol JEs W=t mdof A4
AL AF(hy= Palchonok 5[36]2] 4L o453t} o]
22 74 kel thste] vlo] 2l 1=ke] =71 (d )V F Ak
=171(d)eh = m(d,=d)°] Nusselt 5=(Nu;)2k, Blo] 2. 2] 1<)

ol it

Table 4. Correlations for heat transfer coefficient in bubbling fluidized
beds [39]

Correlation Condition

Nu, =6+ 0.117Ar>¥pr%33 d,=d,

Nu,,=0.85Ar" +0.006ArP*¥ d ,>> d,
d,>d;

Nusselt number

WIS

Interpolation of Nua(pf,_Nui,oo _ (i) :§ when d;>0.5 mm

Nusselt number ~ Nu,—Nu, , B d, P=0whend <05 mm
|, <0.

Convective heat _ Nujk,

transfer coefficient ¢

i

Radiative heat 2 2
= + +
transfer coefficient h, =0 o(Ty+T,)(T,+T,)

Effective _(1 1
etV o, = + -1
emissivity ¢ \Opep Oypoa
Heat transfer
‘ h=h,+h
coefficient o

717484 2 w(d,>>d)] Nusselt T(Nu,, )5 HAPH 0 & AL}
Sh= o gA, ZIRA 0% o] AL V] 5ol Hlole
o] A7 wef iRkl Eel Ao Sl A5 7HdskaL St
ARk AR AR gk sl 2delM HURE vERiaL 9le.
B2 A ARHRT A Ak BaEgIeH37). 329 el
A & g AR Al G Hlo] QA ixpe} wel At
o] ZElA Aol Ajafo|mw, nlo] @ul e} wef ko] 717}
e S A, 2527 oS Sk |vk B3 2 &
et EAlell ko] K H 2R, shrinkageel ©Jaf il v <]
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Table 5. Kinetic constants used in the model [22]

Process ReactionNo. A (1/s) E (kJ/mol) Ah (kl/kg)
Drying
Moisture 5 water vapor ~ R-1 5.13x101° 88 2244
Pyrolysis reaction
‘Wood kA gaseous volatile R-2 1.3x108 140.3 150
Wood ﬁ) tarry volatile R-3 2.0x108 133.1 150
Wood k_4> char R-4 1.1x107 1213 150

2] A7 Zol 50, kA o @ AlFh)et EA o
A Al(h = SV Aok, 2 o] ARgd A Al
2k 330~500 Wim?K 92 AlatkE ek o] 32 Molerus2h
Mattmann[38]2] 271 290~540 W/m?K¥} AR 2| Leckner
(39101 &l el Ahgtellt = vlszdt 415 veRigit.

2-6. HISEE A (Kinetic constants)

23 mof] ARG WE3SFE Chan 5[22]¢] RS AMSS}
k. RS (R-1)2] pre-exponential factores ©F 100~120 °CelA]
HESo] YoJU =5 Bryden and Hagge[7]°] 2Jall 8% ats AR
SIATE 2] Az ogh H-g-HS E(free water)?] SHEY} T
AHAl A-g3tlar, 71el Hnal] Whe-2] 252 Table 500 L3}t
Atk RSV ot o] Arrhenius®] 13} WE§-2] 0 2 LjERjo]
=

k; = A.exp(~E,/RT) )

2-7. 7| & BAZA

ux] 9 £ 1E wg Al olgel 32 27|29 AAZA
S o] g3te] Attt t=0 A wf, vfo] oA QIxR= ofdle] A
o7 FAsH Ag¥t

T,=300K

f,=1, W2t p,=p,¢; p~0°] E}.

f..=1, T p,=p,°] €.

Hloloul 2 Qlxte] el EHe] AAZRAL tFel od Axe
g0z GolEn], JdHek A o A kel go] R
w ML) B Aol

K| =h(T,-T,) 6)

ar r=R

QA ZAA REAL e} 2t

oT _

or o =0 &)

2-8. UKt e HE

nio] @i gfxe] Felel 271 (F78 R B3 Alztel] ol WA
sk AT 72 Sk whEbA theket Fee] wlo] emx QixE
THEE A e e 1A Ydxte] FulE es)
of gt} A71s3 A Fele] YAkl thatod, Kumar®} Kolar
(38101 eJall Al]ke 57} 273 (equivalent diameter, d,) 3212 1§
sto] MSIATHA 5-7).

deq = (Pddcyl B deq = (pllcyl (5 )
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O =T
(14 (dcyzz/lcy))

AAE el s, d,,~2abiatb)eltha, b 22 7k, Al 2
o). o371A, o= & Al9=(shape facton)@A], 0~12] k= 71X
0y = g ARREIE S gk FYsAl vERdTE wiek
Ay B A5, A Al 10] 9, 78 d,, B 1,0

A

2-9. Shrinkage

Jand®} Foscolo[5], de Diego 5[6]%] &8-S Fdll B3 T7 Al
AAke] HFE Fol= Hx F9 9 oF 50%0] dFEE Ao A
ATk ARFE] 271 (A7 S 3 Bpdo] XIsigel| weh A ow
Aaghth= 7P o2 [5], olF Ao® yYeRlH vk} 2ok 8).

d(t) = 20(t) = "Jdi—(d)— )X, N
71 HEE(X,),

X, =3 (X, VIV, o

X = (Puo=Pu)/Puwo W

QUA}S] H3 37k 2 919 50% 2 735, A4S vk ek,
dg, = W03d, (11)

Azt A7o] Fopd 45 GG Al ke Tk =, ulet
A G2 URE] dAg SEe WA A flrt 528t shrinkage® <1
3 HF B o) T Fo| 8ol & JTS T/ Aok webd A
Z7)F 3 S o2y 2o 12).

3
Char yield(%) = p—df_ (12)
Puwodo

2-10. SfiA] HbH

e G 2R1 oA ®BE WA AL Hde g AE ol
st 23} T 2R AR S &2 ERA & implicit schemes ©]&
sted e F8ith lo] Qu A iRk ShellA] H.okRol, N7
control volume®]] thstod Z+2ke] Z3-&(X, )l uke BAE =
ARt} Akstgleh. 22t E4XE it 29k gl uh
2} Fhol wh Al H ™ (Table 3), AE7] 78415 = &= o3 @914l
7] 2EelA Ak BRI o] gsto] Aiket. Akt ©eixzE
2 0.05%% 3o, TR ATt whE ATgLe] Aol 1% o=
QP A oI}, ARl A7) 507 o R = £ 2olE YERY
2| A, Ak HYslE $13l 100719] AA-S ARSSIATE.
g2 o] IAk2- Matlab software (Ver. 2006b, The MathWorks, Inc.)5
o] g-sFgl ow, F-3 o] Ak Engauge Digitizer (version 4.1,
freeware)s ©]-4-510] FE3I3 Tt
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3. 41} 3l EQ|

o] os QJAfe] el T gellA] AlsH B
92 olglel, B AL IS5k ofF
ik, ko] G PmAle] 29 Fa, olel S %
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3-1. YK} LiRe| EEE by

Fig. 32 &% Y57 (bed temperature=1123 K, sand size=520
pmyel 1€ o] 212 S1Ad,~10 mm)e] T AL mA
ol e AR, QA e S AEE RIS ek
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99)o] 9w MRS Do) e Hol g0z T4
A LEAHdT/ry Y 2 2 & 5 Qick

de Diego[6]= B3 719 AAHES S31] flto] A=
S 7R Ak 7 21, ARk WS Zekith 4
3 AR7} HSsto, SPe] RS duldoR Hlue Bt
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Table 6. Various kinetic constants from literature
Reference R-2 R-3 R-4

A (1/s) E (kJ/mol) A (1/s) E (kJ/mol) A (1/s) E (kJ/mol)
Chan et al. [22] 1.3x108 140.3 2.0x108 133.1 1.1x107 121.3
Thurner and Mann [23] 1.44x10% 88.6 4.13x10° 112.7 7.38x10° 106.5
Davidsson [24] 5178 74.135 5178 74.135 5178 74.135
Font et al. [25] 1.52x107 139.2 5.85x10° 119.0 2.98x10° 73.1
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==
A : Pre-exponential factor [1/s]
a : Width of cuboid [m]
b : Height of cuboid [m]
C,  : Heat capacity [J/kgK]
d : Diameter [m]
E : Activation energy [kJ/mol]
f : Fraction
h : External heat transfer coefficient [W/m?K]
H,,, : Heat of devolatilization [J/m’s]
H, : Heat of gas release [J/m3s]
k; : Kinetic constant [1/s]
k : Thermal conductivity [W/m-K]
1 : Length of biomass particle [m]
I/d  : Length to diameter ratio of biomass particle
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R : Universal gas constant [J/mol-K], Radius at particle surface [m]
r : Radius of biomass particle [m]

T : Temperature [K]

t : Time [sec]

tey : Devolatilization time [sec]

tyg  : Devolatilization time at 99% of biomass conversion [sec]
tys  : Devolatilization time at 95% of biomass conversion [sec]
X, : Biomass conversion (dry basis)

= (0] EAON;

€ : Voidage

p : Density [kg/m’]

c : Stefan-Boltzmann constant [W/m?K*]

¢y : Diameter shape factor

¢; : Length shape factor

® : Emissivity

o) : Production rate [kg/m>s]
OH&Kt

0 : Initial value

b : Bed

c : Char

cond : Conductive
cyl : Cylinder

e : Effective

eq : Equivalent

fin : Final

G : Gas phase

g : Fluidization gas (N,)
v : Gaseous volatile

i : Number of the reaction

m : Moisture

por : Pore

r : Reacted

rad : Radiative

S : Solid phase
tv : Tarry volatile
ur : Un-reacted
w : Wood

wv : Water vapor
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