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Abstract

Heat transfer and heterogeneous chemical reactions in a biomass particle during pyrolysis were investigated using numerical simulation. The
radiation heat transfer through the pores and the secondary tar cracking exhibited considerable effects on the results including the
intraparticle temperature profile and the product yields. Time course of the temperature at the center of biomass particle didn't depend on
the lignin content of the biomass. However, the higher lignin content of biomass resulted in the higher yields of tar and solid and the lower
yield of gas at the setting temperatures between 673 and 1073 K. The Arrhenius plot of the maximum gas generation rate exhibited two
regimes having different activation energies regardless of biomass type. These two regions may be attributed to cellulose and hemicellulose
decomposition at lower temperatures and lignin decomposition at higher temperatures, respectively. The maximum gas generation rate
depended on the volume of the particle below a certain particle size (3.5 mm), and depended on the external surface area of the particle

above 3.5 mm.
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1. Introduction

In recent years, there has been increasing demand for quickly
produced, environment-friendly energy resources; in particular,
there is wide interest in the production of energy from woody
biomass, using wood resources which are currently underutilized
[1-4]. The use of biomass to provide energy has many advantages: it
is renewable, abundant, easy to store, and carbon-neutral.

As Japan has many mountains with steep slopes, it is difficult to
transport the felled trees. So that, the development of a compact
gasifier with having high quality, which can cope with variations
both in the amount of biomass collected and in energy demand, is
necessary. Furthermore, in order to ensure that the system is used
in the most efficient manner, it is necessary to increase our
understanding of both the reaction mechanism and heat transfer
during pyrolysis of biomass.

Pyrolysis of biomass consists of many interdependent reactions;
nevertheless, it can be reduced to the reaction, which is universally
known as the Broido-Shafizadeh mechanism [5, 6]. In the primary
reactions, biomass decomposes to gas, tar and char. This reaction
has been studied extensively in the form of cellulose

decomposition. In the secondary reaction, the tar generated in the
primary reaction decomposes to light gas and char. This model can
express only wood pyrolysis. Miller et al. [7] proposed the parallel
chemical reaction model of the main components, which were
cellulose, hemicellulose and lignin. In our previous report, it was
found that the yield of solid by pyrolysis for not only wood but also
bark agreed well with the calculated one using Miller's model [8].
However, as the model didn't include the decomposition of tar, the
calculated gas generation rate during pyrolysis could not partly
reproduce the experimental one [9].

Heat transfer with including thermal conduction, radiation from the
reactor wall and the heat of the chemical reactions during the
pyrolysis has been also investigated by D. L. Pyle et al. [10], C. Di Blasi
[11], C. P. Koufopanos et al. [12], C. P.Won et al. [13]. Although all of
these researches have been investigated not only the temperature
distribution but also the vyield of solid during pyrolysis
experimentally and numerically, there is no data for the gas
generation rate except for our previous reports [9, 14, 15].

In this paper, numerical simulation of heat transfer and
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heterogeneous chemical reactions in a biomass particle during
pyrolysis was conducted. Influences of not only radiation heat
transfer through the pores in the particle but also the tar
decomposition on the temperature distribution and yield of
products during pyrolysis were investigated.  Furthermore,
dependence of the gas generation rate on the lignin content,
setting temperature and particle diameter were studied.

2. Numerical Simulation

2.1 Chemical reaction model during pyrolysis
with tar decomposition

When a biomass particle was pyrolyzed around the pyrolysis
temperature, pr, it could be partly converted to an activated
biomass, char, tar and gas. Figure 1 shows the proposed chemical
reaction model during pyrolysis by arranging Miller’s one [7].
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Figure 1 Proposed chemical reactions during pyrolysis
with the effect of tar decomposition.

By =0.6, Bc =0.35, B =0.75.

The model could reproduce the pyrolysis of the main components
(hemicellulose, cellulose and lignin) of biomass [8, 9]. Firstly, every
main component decomposes to the activated one. Then the tar,
char and gas are formed by the successive reactions. Furthermore,
the char and gas increased with the secondary decomposition of tar
[16, 17]. Material balance for the component i is given by:

v _ e 1)
dt !

Table 1 shows the material balance and the expression for the
chemical reaction rates Rj as a function of W;. The units of the
frequency factor and activation energy are [1/s] and [J/mol],
respectively.
Table 1 Material balance and reaction rate during
pyrolysis for proposed chemical reaction model

Material balance Reaction rate [kg/s]

dWy/dt =R Rair=2.10x 10 ' exp (~186700/ R, /T') Wy

AWy /dt = Ran—Rrn—Rern Rrp=8.75x 10 ' exp (-202400/ R,/ T') Wan
AWy /dt = Ryp—Reon—Roon Rein=2.60 x 10 "' exp (~145700/ R,/ T') Way
dWeu /dt = BuRciu+ Rean Rz =1.0x 10 exp (-10800/ Ry/ T) Wry
dWgy /dt = (1-Bu )Rcin +Raon Reon=2.6x 10 ® exp (-10800/ R,/ T') Wry
AWeq /1At =—Rpca Raca =2.80 x 10 " exp (-242400/ R,/ T') Wea
AWcer /dt = RacerRr.cerRer e Rrca=3.28x 10" exp (-196500/ Ry/ T) Waca
AWy ca /dt = Ry ca—Res.ca—Raacel Reyca=1.30x 10 ' exp (-150500/ R,/ T') Wiace
dWe ca/dt = Be Reicat Reacel Reaca=1.0x10° exp (-10800/ R,/ T') Wrca
AW ca /dt = (1-Bea )Rei car + Roon Reaca=2.6 x 10 ® exp (~10800/ Re/ T) Wrca
AWy /dt = —Ra. Rar=9.60x 10 * exp (-107600/ R,/ T') Wy,
AW /dt = Rac—RrRei o Rr =150x10° exp (-143800/ R,/ T') WL
dWrp/dt = Rri—ReaRean Reip=7.70x 10 ¢ exp (—111400/ R, /T) Wi
dWe/dt =BLRis + Rear Rer=1.0x10° exp (-10800/ R,/ T') Wry

dWs /dt=(1-BL)RcrL+ Raaw R =2.6 x 10 ® exp (~10800/ R,/ T) Wiy

The kinetic parameters for tar decomposition proposed by C. Di
Blasi [18] were used. In this study, wood and bark were selected as
the representative kinds of biomass. Table 2 shows the composition
of main components for wood and bark reported by Ayhan [19].

Table2 Composition of biomass

Type of biomass Wood Bark

Component Hemicellulose | Cellulose | Lignin | Hemicellulose | Cellulose | Lignin

Mass fraction

[wt%)], ash free basis 249 46.6 285 30.3 252 445

2.2 Thermal conduction during pyrolysis

If the volume change of the particle and the convective heat
transfer by the formation of tar and gas can be neglected, the
energy equation of a biomass particle is given as follows:
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The last term on the right side of Eq. 14 shows the effect of radiation
heat transfer through the pores [18].

The initial and boundary conditions are given by the following
equations:

t=0: T:To (15)
or
EZO at r =0 (16)

kqff(;—::h Py-T)+eG€"Py4—T4) atr =R a7

where the pyrolysis temperature is given by:

For T, <T;:T,,=HR*t +T (8

For T,, 2T :T,,=T;

The governing equation (Eq. 2) and the boundary conditions (Egs.
15, 16 and 17) were discretized over a control volume using the
finite difference method. The calculation program was made
originally by using FORTRAN language. The calculation has been
conducted in accounting the dependence of the physical
properties on the temperature. The total grid numbers along radius
direction were 600. Tables 3 and 4 show the chemical enthalpies
[11, 13] and the physical properties of the biomass, respectively.

Table 3. Chemical enthalpies [11,13] during pyrolysis (kJ/kg)
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Table4 Physical properties

Nomenclature Equation Reference
Biomass ~213+4.85T 20
Activated —213+4.85T Present work
biomass
Specific heat c
[J/kg/K] Char 432+2.097 21
Tar ~100+4.4T -0.00157 T> 22
Gas 770+0.629 T —0.000191 72 22
Biomass 0.048+0.0003 T 11,20
Activated 0.048+0.0003 7" Present work
biomass
Thermal
conductivity r Char 0.107+0.0001 T 11,21
[W/m/K]
Tar 0.0003317°%7% Present work
Gas 0.0003317°7% 23
True density of
biomass [kg/m’] P 1500 24
5%1075 * Waio +Wanot
W,
Pore size [m] d N 22
L1074 1- Wao + Wasaon
Wy
Emissivity of
biomass [J/kg/K] e 0.95 21
Initial porosity in 05 Present work
the particle [-] & . §
Heat transfer
coefficient h 20 13
[W/m*/K]
Initial weight of the C\E 3
particle [kg] W prli-g )FD" Present work
23 Algorithm for solving heat and mass

transfer during pyrolysis

For the mass transfer, the yields of solid component, tar component,
gas component and the generation rate of the gas in every control
volume were calculated by solving the material balance using the
4th order Runge Kutta method. On the other hand, for the heat
transfer, the temperature profile in the particle and the temperature
at the surface of the particle were solved by the THOMAS algorithm
and the Newton-Raphson method, respectively. Figure 2 shows the
algorithm for solving heat and mass transfer during pyrolysis.
Calculation conditions are listed in Table 5.

START

Initial condition
t=0
T
¥

=t +A4t
?=T
0=
¥

| Solve the equations for material balance |

T
v

T

| Change the physical properties |

‘ Solve the energy equation for biomass ‘

Figure2 Flow chart of numerical simulation for the
thermal conduction during pyrolysis of a
biomass particle.

Table 5 Calculation conditions
Nomenclature Value
Time step [s] At 0.001
Particle diameter [mm] D, 0.03 — 30
Heating rate [K/s] HR 30
Initial temperature [K] To 300
Setting temperature [K] Ts 473 — 1073
3. Results and Discussion
3.1 Radiation heat transfer through

the pores during pyrolysis

Figure 3 shows the time course of temperature distribution along
the radius direction during pyrolysis under the two conditions
including no radiation from the pores and radiation from the pores
in the particle.
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Figure3  Temperature distribution along the radius direction
in a biomass particle during pyrolysis.

Ts=773K, Dp =15 mm, wood.

The solid line in Fig. 3 shows the results without the radiation heat
transfer through the pores in the particle. At t = 0.5 min, the
temperature difference between the center and the surface was
about 200 K. At t = 10 min, the difference decreased below 20 K. By
comparing the solid and dashed lines, the effect of the radiation
heat transfer through the pores became prominent at t =5 min. As
the temperature range was from 650 K to 750 K in the particle, the
radiation heat transfer through the pores could occur mainly during
pyrolysis of lignin [25]. Hereafter the simulation is conducted with
the radiation heat transfer through the pores.

3.2 Effect of tar decomposition during pyrolysis

Figure 4 shows the influence of the tar decomposition on heat
transfer and chemical reaction during pyrolysis. Solid line and
dashed one show the results without and with the tar
decomposition, respectively.
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Figure4 Time course of a) temperature at center of a
biomass particle and b) yield of products during
pyrolysis for the effect of tar decomposition.
Ts=773K, Dy =15mm, wood.

In Fig. 4a, the temperature at the center of the particle did not show
significant difference between the result with tar decomposition
and the result without tar decomposition until 600 K. However, the
temperature with tar decomposition was higher than that without
one at 650 K < T < 750 K due to the exothermic heat of the tar
decomposition. In Fig. 4b, the yield of tar with its decomposition
decreased dramatically compared with that without its
decomposition. Correspondingly, the yield of gas increased and
the vyield of solid increased of the result without the tar
decomposition. Hereafter the simulation is conducted with the
secondary decomposition of tar.

33 Influences of the setting temperature and kind
of biomass on the pyrolysis

Figure 5 shows the influence of the setting temperature and the
kind of biomass on heat transfer and chemical reaction during
pyrolysis. Solid and dashed lines show the results for wood and for
bark, respectively.

(a) 1000 ‘Wood Bark

T-o[K]

YSolid [']

Figure5 Time course of a) temperature at center of a biomass
particle and b) yield of solid components during
pyrolysis for the effects of the setting temperature
and kind of biomass. Dp = 15 mm.
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In Fig. 5a, the temperature at the center of the particle increased
with time monotonously and then approached at the setting
temperature up to Ts =573 K. However, an inflection point appears
at Ts > 673 K due to the radiation heat transfer through the pores.
The type of biomass does not show significant effect on the
temperature change with time. In Fig. 5b, for Tg = 573 K and wood,
the vyield of solid became decreasing with time. As the
decomposition of the hemicellulose and the cellulose could occur
mainly at Ts = 573 K, the pyrolysis rate for wood was larger than that
for bark. The yield of solid component for bark was therefore less
than that for wood. On the other hand, the yield of solid component
decreased dramatically for Tg > 673 K because the decomposition
of lignin could also occur. Hasegawa et al. [25] reported that the
pyrolysis rate for the lignin was less than that for the cellulose and
hemicellulose. The vyield of solid component for wood was
therefore less than that for bark as listed in Table 2.

Figure 6 shows the relationship between the setting temperature
and yield of products at steady state for wood and bark.

0.8 ; | i Wood Bark
L 1 | Solid
T 06F | Tar A A
B t o ] o m) 04 o 5 -
= 04 m 2 0 e g™
0.2+ ] A A A
L i A A a2 a >
O [N | | |
400 600 800 1000
Ts [K]

Figure 6 Dependences of the setting temperature
and kind of biomass on the yield of products
at steady state by pyrolysis. Dp =15mm.

For wood, the yield of gas increased with the setting temperature
up to Tg = 673 K and then approached the constant value while the
yield of tar showed a maximum value at T = 573 K. This result
implies that the tar decomposition could have started at 573 K< T¢
< 673 K. On the other hand, the yield of gas for bark was less than
that for wood since bark shows the lower pyrolysis rate due to its
higher lignin content. The yield of tar for bark was larger than that
forwood at Tg > 673 K.

Figure 7 shows the time course of gas generation rate at various
setting temperatures for wood and bark. For wood, the gas started
to be generated at Tg = 573 K and its generation rate had a
maximum value at 8 min. At Tg > 673 K, the gas was generated for a
longer time than that at Tg = 573 K. This may be attributed to the
onset of lignin decomposition. When the setting temperature

increases, the gas generation rate shows more abrupt increase with
time and its maximum becomes larger. For bark, the gas generation
rate was less than that for wood at Tg > 673 K. The maximum gas
generation rate is defined as émax.

G Wood Bark

Gx 105 [ke/s]

15

Figure 7 Time course of gas generation rate for
the effects of the setting temperature
and kind of biomass. Dp =15 mm.

Figure 8 shows the Arrhenius plot of (.Gmax. for wood and bark. Two
regions having different slopes are observed regardless of biomass
type. These two regions may be attributed to cellulose and
hemicellulose decomposition at lower temperatures and lignin
decomposition at higher temperatures, respectively. Hemicellulose
and cellulose mainly decompose at Tg = 573 K and lignin
decomposes mainly at Tg =573 K.

T5 K]
10 1000 800 600 400
T T T ' E Wood Bark
10° &g aa R E o A
6 L ,
g} 10 A E
2 107 ¢ O E
S5 108 3
9L T
10 A E
10101 L I L . ]
0.001 0.0015 0.002 0.0025
/T, [L/K]

Figure 8 Arrhenius plot of maximum gas generation rate
for the effect of kind of biomass. Dp =15 mm.

3.4 Dependence of maximum gas generation rate
on the particle size

Figure 9 shows the logarithmic plot for the relationship between
the particle diameter and the maximum gas generation rate Gy ax.
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As the slope of the plot until a certain particle size, Dp* was 3.5, the
gas generation rate depended strongly on the volume of the
biomass due to chemical reaction control. On the other hand, for D,
> Dp*, the gas generation rate depended on the surface area of the
biomass due to thermal conduction control because the slope was
2.

(= 3.5 mm). On the other hand, it depended on the
external surface area of the particle at Dy, > Dy *.
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@ Nomenclature
= 0
g
-0 G Heat capacity of i [J/(kgeK)]
Dy Particle size of biomass [mm]
d Pore size of the biomass [mm]
e Emissivity of biomass []
Figure 9 Dependence of maximum gas generation rate G Gas generation rate [kg/s]
on both the particle diameter and the
setting temperature for wood pyrolysis. h Heat transfer coefficient
between biomass and gas [W/(mZ2-K)]
4, Conclusions AH; Heat of reaction for the formation of i [J/kg]
Numerical simulation of heat transfer and heterogeneous chemical HR Heating rate of the pyrolysis
reactions in a biomass particle during pyrolysis was conducted. The temperature around the particle [K/s]
main conclusions can be summarized as follows:
Qreac Total heat source of the chemical reaction [J/s]
1) The radiation heat transfer through the pores and the
secondary tar cracking exhibited considerable effects on r Radius position of the particle [m]
the results including the intraparticle temperature profile
and the product yields. R Particle radius [m]
2) Time course of the temperature at the center didn't Rg Gas constant (= 8.314 J/(mol-K) ) [J/(mol-K)]
depend on the lignin content of the biomass. However,
the higher lignin content of biomass made the higher R; Reaction rate of the component [ka/s]
yields of tar and solid and the lower yield of gas at 673 K <
Ts (setting temperature) < 1073 K. Ty Initial temperature [K]
3) The Arrhenius plot of the maximum gas generation rate T Temperature [K]
exhibited two regimes having different activation
energies regard less of biomass type. These two regions t Operation time [s]
may be attributed to cellulose and hemicellulose
decomposition at lower temperatures and lignin Vo Volume of the particle [m3]
decomposition at higher temperatures, respectively.
W; Weight of the component i [kgl
4) The maximum gas generation rate depended on the
volume of the particle below a certain particle size, D" Wo Initial weight of biomass particle [kal
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Vi Yield of component i [-]
Yioo Yield of component i at steady state [-]
Yeolid Yield of solid [-]
Greek symbol
& Initial porosity in the particle [
A Thermal conductivity of i [W/(m-K)]
o True density of biomass [kg/m3]
o Stefan-Boltzman constant

(=5.669x10"8 W/m2K#) [W/(m2-K4)]
Subscript
AB Activated biomass
AB,tot  Total activated biomass
AC Activated cellulose
AH Activated hemicellulose
AL Activated lignin
B Biomass
B,tot Total biomass
C Char
Ctot Total char
Cel Cellulose
C1,Cel Char 1 formed by the decomposition from cellulose
C1,H Char 1 formed by the decomposition from hemicellulose
c1,L Char 1 formed by the decomposition from lignin
C1,tot  Total of char 1
C2,Cel Char 2 formed by the decomposition from tar, Cel

C2,H Char 2 formed by the decomposition from tar, H
2, L Char 2 formed by the decomposition from tar, L
C2,tot  Total of char 2

c2 Char2

eff Effective

G Gas

G,tot Total of gas

G2,Cel Gas 2 formed by the decomposition from tar, Cel
G2,H Gas 2 formed by the decomposition from tar, H
G2, L Gas 2 formed by the decomposition from tar, L
G2,tot  Total of gas 2

H Hemicellulose

Py Pyrolysis

S setting

T Tar

T, Cel Tar formed by the decomposition from cellulose
T,H Tar formed by the decomposition from hemicellulose
T L Tar formed by the decomposition from lignin

T, tot Total tar by the decomposition from biomass
max Maximum value
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