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bstract

The simulation of the behavior of a wire mesh reactor is presented in the following study making use of models extracted from the literature. Two
ifferent kinetic models are used, coupled with heat transfer model, mass conservation equations, continuity equations and momentum equations.
he numerical method applied is finite difference for the momentum, mass conservation, heat transfer and continuity equations and Runge–Kutta

ourth order for the chemical kinetic model equations. Simulations are carried out for spherical olive kernel particles with radius of 175 �m,

eactor temperature 873 K and heating rates of 200 K/s. The simulation works satisfyingly under the hypothesis of ablative behavior and the
esults are in very good agreement with the experimental data regarding temperature, conversion histories and product distribution of olive kernel
ast pyrolysis.

2007 Published by Elsevier B.V.
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. Introduction

There has been a growing interest in the renewable energy
ources since the last decades, thus, the understanding of the
hysical and chemical mechanisms governing the phenomenon
f pyrolysis must be well known in order to do the optimal design
f chemical pyrolysis reactors.

Since the 1950s, the researchers’ interest was directed
owards energy production from coal. Therefore, physical and
hemical mechanisms governing the phenomenon of thermo
hemical conversion of coal is much studied. Biomass could be
ssumed to be converted in a similar way to coal, but in contrast
ith coal whose main component is lignin, biomass is consisted
f cellulose and semi-cellulose, which makes the difference. In
any cases the cellulose fraction is close to 80%. From the

bove, an assumption can be formed that the biomass pyrolysis
ould be simulated with cellulose pyrolysis, although experi-

ents have shown that this is totally unacceptable due to the

act that there is an interaction between the biomass components
uring the pyrolysis procedure.

∗ Corresponding author. Tel.: +30 2310 996274; fax: +30 2310 996209.
E-mail address: sonia@cheng.auth.gr (A. Zabaniotou).
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The precise mechanism of biomass pyrolysis is not known,
ecause of the fact that many parallel and successive reactions
re taking place, making the study of the phenomenon extremely
ard. So, in order to study the phenomenon, researchers
roposed simplified models with successive and parallel pseudo-
rst order reactions. These reactions describe, in a simple way,

he transition from biomass to intermediate and final products.
Many models have been developed till recently for the tran-

ition of biomass to the final products. The Broido–Shafizadeh
odel is a well-known model, which was initially developed

or cellulose pyrolysis but was reconstructed later in order to
imulate the behavior of products which consist of cellulose,
emi-cellulose and lignin. According to some researchers [1,2]
he inorganic compounds of biomass can act as catalysts during
yrolysis. Considering this, one more reaction was later added
t the initial Broido–Shafizadeh model through which biomass
ransits to an activated form. The Broido–Shafizadeh mechanism
s shown in Fig. 1, where B refers to biomass, B* refers to acti-
ated biomass, T refers to tar, C refers to char and G refers to gas.

According to Koufopanos et al. [3], the concentration and

raction of the medium products can not be measured, so the
ctivated biomass has only theoretical interest for the time being.
he reaction of biomass to its activated form was questioned in

he past from various researchers [4]. Specifically, it was proved

mailto:sonia@cheng.auth.gr
dx.doi.org/10.1016/j.cej.2007.04.010


Th. Damartzis et al. / Chemical Engineering Journal 136 (2008) 320–330 321

Nomenclature

b geometry factor (sphere = 3)
BiM modified Biot number
C concentration (kg/m3)
Cp specific heat capacity (J/mol K)
D molar diffusion coefficient (m2/s)
E activation energy (J/mol)
h convective heat transfer coefficient (W/m K)
k thermal conductivity (W/m K)
ki rate constant (s−1)
km mass transfer coefficient (m/s)
k0 pre-exponential factor (s−1)
Le Lewis number
m reactor heating rate, K/s
ni reaction i order
P absolute pressure (Pa)
Pr Prandtl number
r radial distance (m)
R radius of sphere (m)
Re Reynolds number
Rg universal gas constant (J/mol)
Sh Sherwood number
t time (s)
T temperature (K)
U velocity (m/s)
W molar weight (kg/mol)
Wi % product yield of component i
x dimensionless distance

Greek letters
α thermal diffusivity (m2/s)
γ constant of Eq. (60)
�H heat of reaction (J/kg)
ε emissivity coefficient
ε′′ porosity of particle
θ dimensionless temperature
μ viscosity (Pa s)
ν kinematic viscosity (m/s)
ρ density (kg/m3)
σ Stefan–Boltzmann coefficient (W/m2 K4)
τ dimensionless time

Subscripts
0 initial values
B biomass
C char
f final value
G gases
G1 (gases + tar)1
G2 (gases + tar)2
T tar

Fig. 1. The Broido–Shafizadeh mechanism.
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Fig. 2. Modified Broido–Shafizadeh mechanism.

hat the simulation results were not in agreement with the labora-
ory results when the reaction was included. On the other hand,
hen the reaction was not included in the model, the results
ere quite promising.
The mechanism becomes more appealing when the reaction

rom tar to char is included. So, the final Broido–Shafizadeh
echanism is shown in Fig. 2. In recent studies, researchers

2,5–17] made the above models more accurate by incorporating
omentum equations as well as mass and heat transfer equations

nside and outside of the biomass particle. Heat is transferred via
onduction inside the particle and via convection and radiation
utside the particle. There is also mass and heat transfer inside
he particle caused by the gases’ diffusion. Finally, the gases
elocity is being considered as a result of the pressure drop
nside the particle, as well as the influence of the temperature and
oncentration to the physical properties of biomass. Koufopanos
t al. [3] suggested the series of reactions shown in Fig. 3 is taking
lace.

The final Broido–Shafizadeh model was initially used from
alan and Srivastana [8] coupled with an energy conservation
quation in order to simulate wood pyrolysis, but Babu and
haurasia [17] later improved the model adding a mass con-

ervation equation for the gases and correlations for the gas

ressure and velocity. The results of the improved model are
retty close to experimental results. Its only weak point is the
act that there is no distinction between the gases and tar, mak-
ng the task to estimate the tar yield impossible. The model also

Fig. 3. Koufopanos mechanism.
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ssumes the diffusion of only the first reaction’s gases is tak-
ng place, neglecting in this way the secondary gases’ diffusion
nside the particle.

The attempts to simulate pyrolysis with chemical kinetics of
ree radicals should also be mentioned as it is widely known that
yrolysis is taking place through complex mechanisms involving
ree radicals. But the difficulty of employing a model based
n free radicals has forced the researchers to use simpler and
ore effective models. Bounaceur et al. [18] used a mechanism
ith radicals in order to simulate linear unsaturated hydrocarbon
yrolysis. In the past this has also been applied for the steam
racking of heavy petroleum residues [19].

In the present study two models have been studied. The above
nal Broido–Shafizadeh model is one of the two models exam-

ned and used in the simulations carried out. The second model
sed in this study is that proposed by Babu and Chaurasia [17],
ater improved by adding a mass conservation equation for the
ases and correlations for the gas pressure and velocity. The
ltimate purpose of this paper is to examine whether the exper-
mental reactor can be simulated as an ablative or a fixed bed
eactor.

. Experimental

.1. Materials

Pyrolysis of olive kernel samples was carried out in a labo-
atory captive sample reactor that could be identified as a wire
esh micro reactor (Fig. 4). The experiments were carried out at
temperature range of 573 K up to 873 K, heating rate 200 K/s

or 1,5 s and gas/vapor residence times of approx. 0.5–1.0 s,
t atmospheric pressure, under He. The technique enables the
chievement of high heating rates as a prerequisite for short
eaction periods. The results, which include the yields of the

arious pyrolysis products in relation to pyrolysis temperature
s well as values for some kinetic constants, are presented in
he literature [20] and are used in this study in order to obtain
inetic data for our simulations.

Fig. 4. The wire mesh reactor.
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.2. Reactor and experimental procedure

A captive sample reactor was used for the experiments. The
rocedure followed is presented in Fig. 5. The reactor is a
ylindrical Plexiglass vessel with an inner diameter of 7 cm
nd is 12 cm high. The reactor vessel closes with two pairs of
anges (top and bottom). The upper pair of flanges is made
f stainless steel SS316. Between the flanges, elastic o-ring is
tted, in order to achieve isolation. The stainless steel flange
as a diameter of 12 cm and a thickness of 1 cm. In the cen-
re there is a 0.3125 mm diameter hole serving for the gas
xit, while on it are fitted a filter for tar collection and traps
T1, T2) for liquids collection. On the flange, a second sim-
lar hole serves for the fitting of a manometer, in order to

easure the pressure in the reactor. Olive kernels were cut in
ieces whose diameter was less than 500 mm. About 200 mg
f the raw material is spread in a layer on a screen of stain-
ess steel, which is inserted between the electrodes. Helium
s passed through the reactor at the rate of 30 cm3/min. The
ample temperature is raised at the peak temperature. The
eaction effluent includes fine charcoal, gas and volatile com-
ounds. Their quenching occurs by natural cooling. The charcoal
emains on the screen and is determined gravimetrically. Tar
s defined as the material condensed within the reactor ves-
el, on the wall, flanges and on a paper filter at the exit of the
eactor, at room temperature. Tar condensed inside the reac-
or is removed by washing with CH2Cl2 soaked filter paper
nd is measured gravimetrically. Hydrocarbons (in the vapor
hase at room temperature) are collected in two lipophilic traps
laced at the exit of the reactor and then measured gravimetri-
ally. Gaseous products pass through two traps (T1 and T2),
here the liquid HC are collected. Then, they pass through
water-cooling coil to be cooled to ambient temperature and

hen through a moisture collection trap, which is a cylindrical
lexiglass tube containing silica gel. Finally they reach the gas
ollection trap through the electrovalve TB. The volume of the
emoved water determines the gas volume. The gaseous products
re selected in plastic sacs and they follow gas chromatography
nalysis.

The purpose of this study is to examine whether the experi-
ental reactor which is a wire mesh or captive sample reactor

ould be simulated as an ablative or a fixed bed reactor, as they
re the more relative configuration to a captive sample reactor
nd the most commonly used types of reactors. The functioning
rinciple of an ablative reactor is the contact of the sample with
hot metal or the heating of the sample by means of radiation.
here are two types of ablative reactors: contact ablative reactors
nd radiation ablative reactors.

In contact type reactors the sample is pressed on a hot sur-
ace resulting on the rapid heating of the external surface of the
ample. The issue is that char formation on the surface is caus-
ng further resistance to heat transfer because char’s thermal
onductivity is less than that of biomass’s and takes even lower

alues as temperature increases. Considering this, the design of
blative reactors is based on the removal of the external char
ayer. An example of this principle is the rotating disk abla-
ive reactor. The ablative heat convection coefficient hp, can be
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Fig. 5. Exper

alculated from the following correlation taken from literature
21]:

p = 0.0017P (1)

here P is pressure measured in Pa.

. Formulation of mathematical models

In this study, two kinetic models are used in addition to
ass, heat and momentum transport equations in order to simu-

ate the behavior of the experimental wire mesh reactor. The
ehavior of the reactor is then compared to the behavior of
he fixed bed and ablative reactor. The mechanism suggested
y Koufopanos et al., which has been used by Babu and
haurasia is presented in Table 1 with the chemical kinetic,

he heat, mass and momentum transfer equations (Model I).
he initial and boundary conditions are also being displayed in
able 1.

Shrinkage of biomass particles has been studied by Colomba
i Blasi [22] and Babu and Chaurasia [23]. According to
olomba Di Blasi, shrinkage is negligible for particles with a

adius smaller than 2 mm. On the other hand, it is pretty impor-

ant for large particles as the volume loss can be up to 70% of the
nitial volume. As a result, biomass and tar physical properties
ecome a function of time. The latter has also been studied in the
ast by Colomba Di Blasi [24]. In this study, particle shrinkage

T

fi
m

al procedure.

as considered negligible as the size of the particles is too small
175 �m) for shrinkage to take effect.

The assumptions being made for the development of the
odel are the following:

The particles are of spherical shape.
Heat, mass and momentum transfer are taking place only in
the radial dimension.
Heat transfer inside the particle is taking place via conduction
and convection and outside the particle via convection, con-
duction and radiation (conduction and radiation are appointed
to the hot metal surrounding the particles and the reactor wall).
The gases formed inside the particle pores are ideal.
The reactor temperature is 873 K.
Local phase equilibrium between solid and gas phases.
Tar condensation inside the particle pores is negligible.
Negligible particle shrinkage.
Negligible heat resistance due to the external char and tar
layer formed by the contact with the hot mesh.

In Table 2, the dimensionless forms of Eqs. (62)–(69) are
eing displayed. The dimensionless groups used, are shown in

able 3.

The second model which was used in the present study is the
nal Broido–Shafizadeh mechanism (Model II) coupled with
ass, heat and momentum equations in a pretty similar way
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Table 1
Model I equations

dCB

dt
= −(k1 + k2)CB

n1 (2)

dCC1

dt
= k2C

n1
B − k3C

n2
G1

Cn3
C1

(3)

dCG2

dt
= k3C

n2
G1

Cn3
C1

(4)

dCC2

dt
= k3C

n2
G1

Cn3
C1

(5)

Mass, heat and momentum transfer equations are displayed below

∂(CG1 ε
′′)

∂t
+ ∂(CG1 U)

∂r
= DG1

(
b − 1

r

∂CG1

∂r
+ ∂2CG1

∂r2

)
+ k1C

n1
B − ε′′k3C

n2
G1

Cn3
C1

(6)

∂(ρCpT )

∂t
= k

(
b − 1

r

∂T

∂r
+ ∂2T

∂r2

)
−

(
DG1

∂CG1

∂r

)
CPG1

∂T

∂r
+ (−�H)

(
− ∂ρ

∂t

)
(7)

∂ρ

∂t
= ∂CB

∂t
+ ∂CC1

∂t
+ ∂CC2

∂t
= −k1C

n1
B (8)

∂U

∂t
+ U

∂U

∂r
= − 1

ρ

∂P

∂r
+ v

(
b − 1

r

∂U

∂r
+ ∂2U

∂r2

)
(9)

With initial conditions
t = 0 CB = CB0 , CG1 = CG2 = CC1 = CC2 = 0, T(r, 0) = T0, U(r, 0) = U0

And boundary conditions

(10)–(11)r = 0, t > 0
∂CG1

∂r
= 0, ∂T

∂r
= 0

r = R, t > 0 DG1

(
∂CG1

∂r

)
= km(CG1,0 − CG1 ) (12)

r = R, t > 0 k
∂T

∂r
= (h + hp)(Tf − T ) + σε(T 4

f − T 4) (13)

Table 2
Dimensionless forms of Model I equations

dC̄B

dt
= −(k1 + k2)C̄n1

B (14)

dC̄C1

dt
= k2C̄

n1
B − k3C̄

n2
G1

C̄n3
C1

(15)

dC̄G2

dt
= k3C̄

n2
G1

C̄n3
C1

(16)

dC̄C2

dt
= k3C̄

n2
G1

C̄n3
C1

(17)

ε′′ ∂(C̄G1 )

∂τ
+ UR

α

∂C̄G1

∂x
= D̄G1

Le

(
b − 1

x

∂C̄G1

∂x
+ ∂2C̄G1

∂x2

)
+ k1C̄

n1
B

a
−

ε′′k3C̄
n2
G1

C̄n3
C1

a
(18)

ρCp
∂θ

∂τ
= b − 1

x

∂θ

∂x
+ ∂2θ

∂x2
+ D̄G1

Le

∂C̄G1

∂x
C̄PG C̄B0

∂θ

∂x
+ Q′′R2k1

a
(19)

∂ρ

∂t
= ∂C̄B

∂t
+ ∂C̄C1

∂t
+ ∂C̄C2

∂t
= −k1C̄

n1
B (20)

∂U

∂τ
+ U

R

a

∂U

∂x
= − R

aρ

∂P

∂x
+ v

a

(
b − 1

x

∂U

∂x
+ ∂2U

∂x2

)
(21)

Initial conditions
τ = 0 C̄B = C̄B0 , C̄G1 = C̄G2 = C̄C1 = C̄C2 = 0, θ(x, 0) = 1, U(x, 0) = U0

Boundary conditions

(22)–(23)x = 0, t > 0
∂C̄G1

∂x
= 0, ∂θ

∂x
= 0

x = 1, t > 0 D̄G1

(
∂C̄G1

∂x

)
= Sh(C̄G1,0 − C̄G1 ) (24)

x = 1, t > 0
∂θ

∂x
= −θBiM (25)

The gases’ pressure inside the porous particle is given by

p = CG1 RgT

Wg
(26)

the dimensionless form is :
∂p

∂x
= RgCB0

Wg

[(
Tf

T0 − Tf
+ θ

)
∂C̄G1

∂x
+ C̄G1

∂θ

∂x

]
(27)
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Table 3
Dimensionless groups

a = k/ρCp

x = r/R

τ = at/R2

θ = (T − Tf)/(T0 − Tf)

BiM = (R/k)[(h + hp) + εσ(T 3 + T 2Tf + T 2
f T + T 3

f ]

Q = (−�H + CpT)/ρCp(T0 − Tf)

Q′′ = QCn1
B

Le = k/(ρ0CPG1,0
DG1,0 )

Sh = (kmG1
R)/DG1,0

C̄B = CB/CB0

C̄B0 = CB0 /ρ0

C̄G1 = CG1 /CB0

C̄G1,0 = CG1,0 /CB0

C̄C1 = CC1 /CB0

C̄G2 = CG2 /CB0

C̄C2 = CC2 /CB0

C̄T = CT/CB0

C̄TB = C̄T/C̄B

C̄PG1
= CPG1

/CPG1,0

D̄G1 = DG1 /DG1,0

w
o
t
d
t
T
a

4

T
n
e
R

e
a
t
(
d
t
o
s
k
a
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Table 4
Model II equations

dCB

dt
= −(k1 + k2 + k3)CB

dCC

dt
= k2CB + ε′′k5CT

∂(CGε′′)
∂t

+ ∂(CGU)

∂r
= DG

(
b − 1

r

∂CG

∂r
+ ∂2CG

∂r2

)
+ k1CB + ε′′k4CT

∂(CTε′′)
∂t

+ ∂(CTU)

∂r
= DG

(
b − 1

r

∂CT

∂r
+ ∂2CT

∂r2

)
+ k3CB − ε′′(k4 + k5)CT

∂(ρCpT )

∂t
= k

(
b − 1

r

∂T

∂r
+ ∂2T

∂r2

)
−

(
DG

∂(CG + CT)

∂r

)
CPG

∂T

∂r
+ (−�H)

(
−

∂ρ

∂t
= ∂CB

∂t
+ ∂CC

∂t
= −(k1 + k3)CB + ε′′k4CT

∂U

∂t
+ U

∂U

∂r
= − 1

ρ

∂P

∂r
+ v

(
b − 1

r

∂U

∂r
+ ∂2U

∂r2

)

With initial conditions
t = 0 CB = CB0 , CG = CC = CT = 0, T(r, 0) = T0, U(r, 0) = U0

And boundary conditions
(35)–(37)r = 0, t > 0 ∂CG

∂r
= 0,

∂CT
∂r

= 0, ∂T
∂r

= 0

r = R, t > 0 DG

(
∂CG

∂r

)
= km(CG0 − CG)

r = R, t > 0 DG

(
∂CT

∂r

)
= km(CT0 − CT)

r = R, t > 0 k
∂T

∂r
= (h + hp)(Tf − T ) + σε(T 4

f − T 4)
ring Journal 136 (2008) 320–330 325

ith the previous model. The assumptions for the development
f this model are almost the same. The main difference with
he previous model is that gas and tar are considered to be two
ifferent phases, so there are separate mass conservation equa-
ions for tar and gas. The equations of this model are shown in
able 4. The dimensionless forms of the equations of Model II
re shown in Table 5.

. Numerical solution and simulation

The procedure followed for the two models is the same.
he mass, heat and momentum transfer equations are solved
umerically by finite difference method and the chemical kinetic
quations are solved simultaneously with the fourth order
unge–Kutta method.

The constant b in the differential equations has been set
qual to 3 which appoints to spherical coordinates. The time
nd space intervals chosen for the solution were separated in
en equal intervals, respectively. The two groups of equations
transfer and kinetic equations), are considered to be indepen-
ent. The transfer equations are solved in each time interval and
he profiles resulting from each interval’s right end are used in
rder to provide temperature and concentration values for the
et of kinetic equations. These values that are used to solve the
inetic equations with the Runge–Kutta fourth order method

re the mean values of the temperature and concentration pro-
les arising from the solution of the transfer equations. The
ajor impact of this method is that the reactions are assumed

o be taking place isothermally in each time interval. Each time

(28)

(29)

(30)

(31)

∂ρ

∂t

)
(32)

(33)

(34)

(38)

(39)

(40)
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Table 5
Dimensionless forms of Model II equations

dC̄B

dt
= −(k1 + k2 + k3)C̄B (41)

dC̄C

dt
= k2C̄B + ε′′k5C̄T (42)

ε′′ ∂C̄G

∂τ
+ UR

a

∂C̄G

∂x
= D̄G

Le

(
b − 1

x

∂C̄G

∂x
+ ∂2C̄G

∂x2

)
+ k1C̄B + ε′′k4C̄T

a
(43)

ε′′ ∂C̄T

∂τ
+ UR

a

∂C̄T

∂x
= D̄G

Le

(
b − 1

x

∂C̄T

∂x
+ ∂2C̄T

∂x2

)
+ k3C̄B − ε′′(k4 + k5)C̄T

a
(44)

∂θ

∂τ
=

(
b − 1

x

∂T

∂x
+ ∂2T

∂x2

)
+

(
D̄G

Le

∂(C̄G + C̄T)

∂x

)
C̄PG C̄B0

∂θ

∂x
+ Q′′R2

a

[
(k1 + k3) − ε′′k4C̄TB

]
(45)

∂ρ

∂t
= ∂C̄B

∂t
+ ∂C̄C

∂t
= −(k1 + k3)C̄B + ε′′k4C̄T (46)

∂U

∂τ
+ UR

a

∂U

∂x
= − R

aρ

∂P

∂x
+ v

a

(
b − 1

x

∂U

∂x
+ ∂2U

∂x2

)
(47)

Initial conditions

τ = 0 C̄B = C̄B0 , C̄G = C̄C = C̄T = 0, θ(x, 0) = 1, U(x, 0) = U0

Boundary conditions

(48)–(50)x = 0, t > 0 ∂C̄G
∂x

= 0,
∂C̄T
∂x

= 0, ∂θ
∂x

= 0

x = 1, t > 0 D̄G

(
∂C̄G

∂x

)
= Sh(C̄G0 − C̄G) (51)

x = 1, t > 0 D̄G

(
∂C̄T

∂x

)
= Sh(C̄T0 − C̄T) (52)

x = 1, t > 0
∂θ

∂x
= −θBiM (53)

Pressure drop will be estimated by the equation[( ) ¯ ¯
]
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T0 − Tf
+ θ

∂(CG + CT)

∂x
+ (C̄G + C̄T)

∂θ

∂x

nterval though, is small enough so that the deviation from the
eal non-isothermal progressing of the reactions is negligible
or this paper. Thus it is considered that each reaction is simu-
ated with a series of successive isothermal reactions of the same
orm.

The correlations and values of physical properties are shown
n Tables 6 and 7, respectively.

The rate constants of the reactions are considered to be Arrhe-

ius type and they are all experimentally measured except from
he rate constants of the secondary reactions which are found
n the literature. The values of the rate constants are shown in
able 8.

able 6
orrelations of properties used in the numerical solution of the models [23]

orrelations of physical properties

pecific heat capacity of biomass
hermal conductivity of biomass
pecific heat capacity of gas/tar
iffusion coefficient of gas/tar
herwood number
orosity
(54)

. Results and discussion

.1. Kinetic constant calculation

Kinetic constants have been calculated by using experimen-
al data from the wire mesh reactor (Fig. 6). As stated in the
iterature [20], the decomposition of biomass can be described
y the following equation:
dWi

dt
= k0i e−Ei/RcT (W∗

i − Wi) (61)

Equations

Cp = 112 + 4.85(T − 273) (55)
k = 0.13 + 0.0003(T − 273) (56)
C̄p = 1 + P1(θ − 1); P1 = 0.001 (57)
D̄G = (θ)P1 exp[P2(1 − C̄B)]; P1 = 1.5, P2 = 1 (58)
Sh = P1(θ)P2 ; P1 = 50000, P2 = 1 (59)
ε′′ = ε′′

0 + γ(1 − C̄B) (60)
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Table 7
Values of properties used in the numerical solution of the model

Physical Property Value

Convective heat transfer coefficient h = 8.4 W/m2 K, T < 673 K [23]
h = 20 W/m2 K, T > 673 K [23]

Heat of reaction �H = −255,000 J/kg [9]
Initial density ρ = 650 kg/m3 [23]
Thermal diffusivity of biomass α = 1.79 × 10−7 m2/s [23]
Initial particle porosity ε′′

0 = 0.5 [23]
� constant (Eq. (60)) γ = 0.3 [23]
Viscosity of gas/tar μ = 5 × 10−5 Pa s [23]
Molar weight of gas/tar Wg = 2.8 × 10−3 kg/mol [23]
Stefan–Boltzmann constant σ = 5.67 × 10−8 W/m2 K4

Emissivity coefficient ε = 0.95 [23]
Universal constant of ideal gases R = 8.314 J/mol K
Reaction order 1 (Model I) n1 = 1
Reaction order 2 (Model I) n2 = 1
Reaction order 3 (Model I) n3 = 1.5 [23]
Reaction order (Model II) n = 1
Particle radius range R = 0.000175–0.001 m
Initial temperature T0 = 573 K
Final temperature range Tf = 773–973 K
Initial concentration of biomass CB0 = 650 kg/m3

Initial concentration of gases (Model I) CG10 = CG20 = 0
Initial concentration of char (Model I) CC10 = CC20 = 0
Initial concentration of gases (Model II) CG10 = 0
Initial concentration of char (Model II) CC10 = 0
Initial concentration of tar (Model II) CT0 = 0

Table 8
Rate constants of reactions

Model Reaction Rate constant k0 (s−1) E (kJ/mol)

I 1 k1 1.6 × 104 46.65
2 k2 8.05 × 102 32.1
3 k3 5.7 × 105 [23] 81 [23]

II 1 k1 9.8 × 105 61
2 k2 3.7 × 102 29.27
3 k3 8.05 × 102 32.1
4 k4 8.6 × 104 [26] 87.8 [26]
5 k5 7.7 × 104 [26] 87.8 [26]

Fig. 6. Product distribution from experimental study.
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here Wi is the % yield of the pyrolysis product i at time t and
i* is the maximum attainable yield of i at infinite time.
Since the change of Wi with time is unknown, the first part

f Eq. (61) can be written as

dWi

dt
= dWi

dT

dT

dt
= dWi

dT
m (62)

here m is the heating rate of the reactor (K/s).
The combination of Eqs. (61) and (62) gives:

dWi

W∗
i − Wi

= k0i

m
e−Ei/RcT dT (63)

Integration of Eq. (63) with the help of Cauchy’s formula and
he assumption that 2RT/Ei � 1 gives:

n

(
1

T 2 ln
W∗

i

W∗
i − Wi

)
= ln

(
k0iRc

mEi

)
−

(
Ei

R

)
1

T
(64)

hich is a linear first order equation, resembling the basic form
= αx + b. By plotting ln(1/T 2 ln(W∗

i /W∗
i − Wi)) as a function

f 1/T and determining the values for α and b, one can calculate
i and k0i from the following equations:

= −E

R
(65)

= ln

(
k0iRc

mEi

)
(66)

The values of Wi and Wi* were taken from Fig. 6 for the sum
f gas and tar and E1 and k1 for Model I were calculated. Their
alues are: E1 = 46,650 J/mol and k01 = 1.6 × 104 s−1.

Using E1, k01 and the experimental results, values of k2 were
alculated for various temperatures with the help of the follow-
ng analogy, taken from literature [25]:

k1 + k2

k2
= WG + WC

WC
(67)

here WG is the % yield of gas and tar at a given temperature
nd WC is the % yield of char at the same temperature.

Values of ln k2 were then plotted against 1/T. The plot is a
traight line with the basic form: y = αx + b. E2 and k02 were
alculated by the use of the following equations:

= −E2

R
(68)

= ln k02 (69)

The calculated values of E2 and k02 are: E2 = 32,100 J/mol and
02 = 805 s−1. The kinetic constants for Model II were calculated
n the same way.

.2. Comparison of the models’ results with experimental
ata

The simulation results concerning the two models are in a

ery good agreement with the experimental results issued from
he captive sample reactor. Gas and tar yield conversion as a
unction of temperature is shown in Fig. 7. The radius of the
pherical particle is 175 �m and the final reactor temperature
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place is less in ablative behavior than in fixed bed behavior,
Fig. 7. Yield of gas and tar as a function of temperature.

s 873 K. Model I seems to be in a slightly better agreement
han Model II. Nevertheless, the final yield arising from the
imulation of both models is exactly the same. In correspondence
o Fig. 7, the conversion of char as a function of temperature is
hown in Fig. 8. The ablative convection heat transfer coefficient
rom Eq. (61) is utilized for these simulations.

.3. The ablative effect

The wire mesh reactor, in which the experiments were con-
ucted, should have a mixed behavior in-between the ablative
eactor and the fixed bed reactor. Fixed bed reactors do not
nclude the ablative heat convection coefficient as it is described
n Eq. (61). The wire mesh reactor operates at atmospheric pres-
ure, and no pressure is applied to the mesh capturing the sample.
o, the ablative convection heat transfer coefficient for pressure
alued equal to 1 bar or 100,000 Pa, is found to be (from Eq. (61))
70 W/m2 K. It is obvious that the ablative coefficient is far supe-
ior to the convection heat transfer coefficient considered in the
xed bed’s function. As a result the heat flux is greater, leading
o faster temperature increase of the particles and decreasing
n this way the pyrolysis time. This phenomenon is shown in
igs. 9 and 10 for Models I and II, respectively.

Fig. 8. Char yield as a function of temperature.

w
h

Fig. 9. The ablative effect in Model I.

From the above, it is derived that the wire mesh reactor can
e simulated better as an ablative reactor.

When taking into consideration the ablative effect, the final
ield of gas and tar appears to be slightly higher (2%) in Model
than it is in Model II. If the values of the rate constants of

eactions in Table 8 are observed (for Model I), it is profound that
1 will increase much more than k2 with temperature increase.
s a result the difference between k1 and k2 increases as the

emperature rises, leading to higher yields of gas and tar. On
he other hand, the final yield observed in Model II is the same
or fixed bed and ablative behavior. This phenomenon is taking
lace because of the secondary reactions and more specifically
ecause of the 5th reaction which describes the tar transition to
har. As a result, tar yield is decreased, leading to the decrease
f total gas and tar yield.

In Tables 9 and 10, the results of the simulations for ablative
nd fixed bed behavior are shown for Models I and II, respec-
ively. It is observed that the time needed for pyrolysis to take
hich is appointed to the higher value of the ablative coefficient
p.

Fig. 10. The ablative effect in Model II.
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Table 9
Results of the simulation for ablative and fixed bed behavior for Model I

Ablative behavior Fixed bed behavior

Time (s) Remaining biomass (%) Time (s) Remaining biomass (%)

0 100 0 100
0.018 69.07 0.018 69.07
0.036 41.15 0.036 44.24
0.054 20.93 0.054 26.72
0.072 8.86 0.072 15.2
0.09 3.07 0.09 8.11
0.108 0.86 0.108 4.04
0.126 0.19 0.126 1.87
0.144 0.03 0.144 0.77
0.162 4 × 10−3 0.162 0.3
0.18 0 0.18 0.11

0.198 0.04
0.216 0.01
0.234 0

Table 10
Results of the simulation for ablative and fixed bed behavior for Model II

Ablative behavior Fixed bed behavior

Time (s) Remaining biomass (%) Time (s) Remaining biomass (%)

0 100 0 100
0.018 69.37 0.018 69.37
0.036 39.26 0.036 42.52
0.054 19.69 0.054 25.43
0.072 8.41 0.072 14.61
0.09 3.09 0.09 7.93
0.108 0.97 0.108 4.05
0.126 0.26 0.126 1.94
0.144 0.06 0.144 0.87
0.162 1.1 × 10−3 0.162 0.36
0
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.18 0 0.198 0.04
0.234 0

.4. Product distribution over time
In Figs. 11 and 12, yields of gas, tar, char and biomass as
function of time are shown for Models I and II, respectively.

t is observed that pyrolysis has been completed in less than

ig. 11. Yield of biomass, gas, tar and char as a function of pyrolysis time for
odel I.

R

ig. 12. Yield of biomass, gas, tar and char as a function of pyrolysis time for
odel II.

.2 s. This fact provides information about the residence time
emanded for the completion of fast pyrolysis.

. Conclusions

In the present study two models were used in order to simu-
ate the behavior of an experimental wire mesh reactor/captive
ample reactor for the fast pyrolysis of olive kernel. The mod-
ls are consisted of two different pyrolysis mechanisms coupled
ith heat, mass and momentum transfer equations for spheri-

al biomass particles. The results arising from our simulations
howed that:

Both models are in very good agreement with the experi-
mental data. Model I showed a slightly better agreement than
Model II.
The laboratory wire mesh reactor is simulating better with an
ablative reactor rather than a fixed bed one.
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