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Abstract

In this study, a coupled transport and chemical kinetic model was used to simulate the effects of biomass thermo-
physical properties on intra-particle secondary reactions during convective-radiative pyrolysis of wood cylinder
(p = 420 kg/m?) in a thermally thick regime. Wood cylinder was modeled as a one-dimensional porous solid. Solid
mass conservation equations were solved by first-order Euler Implicit Method. Finite volume method was used to
discretize the mass conservation equation for tar and gas, the energy conservation equation and the pressure equation.
Tri-Diagonal Matrix Algorithm (TDMA) was used to solve the resulting simultaneous equations. Findings revealed
that thermo-physical properties influence the extent of intra-particle secondary reactions, biomass conversion time
and product yield distribution. Simulation results also showed that density has the highest influence on intra-particle
secondary reactions.
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1. Introduction

The reality of climate change engendered by the release of greenhouse gases resulting from anthropogenic activities
has triggered the need for green energy sources. Biomass energy, a CO, neutral energy source, is considered a viable
option. Aside from being CO, neutral, unlike fossil fuel, biomass is readily available and its supply cannot be
threatened by extinction. Therefore, biomass is expected to be one of the major sources of sustainable energy in the
future. In its solid form, biomass, however, is difficult to use in many applications without substantial modification.
Various technologies have therefore been devised to convert and upgrade biomass into more convenient energy
forms such as gaseous and liquid fuels [1]. Amongst these technologies, pyrolysis and gasification are often used [2
]. In pyrolysis and gasification, tar is formed. Tar in product gases is a contaminant because it condenses, fouling
process equipment and limiting the end-use of biosyngas in turbines. Therefore, one of the main challenges in
pyrolysis and gasification is how to reduce tar contamination. Several methods have been used over the years for tar
reduction. These include the use of scrubbers, filters, cyclone and electrostatic precipitators. The primary purpose of
these devices is to capture particles from the product gas but they have also been found effective in trapping the tarry
compounds present in the product gas [3]. All these methods are generally referred to as mechanism methods.
Although these methods are effective, the cost involved is high and the energy content in tar is lost [3]. As a result of
these short-comings, some other methods generally referred to as self-modification methods, which involve
parameter modification, have been applied to reduce tar contamination in pyrolysis and gasification. In
thermochemical conversion processes, parameters such as temperature, pressure, biomass type, gasifying medium
and residence time are very important. The choice of these parameters can largely influence the product distribution
via the degree of intra-particle secondary reactions in the decomposing solid. Many researchers have done a lot of
work on the influence of temperature on tar production during biomass gasification [4-11]. Narvaez et al. [12] also
carried out some investigations on biomass gasification at different temperatures and found that the tar content at 700
and 800 °C were 19 and 5 g/Nm?®, respectively. In our previous study, we have investigated the effect of heating rate
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on intra-particle tar decomposition during pyrolysis of wood cylinder and discovered that tar decomposition
increased with increase in heating rate [13]. Kosstrin [14] studied the relation between tar yield and biomass types by
experimentation. It was discovered that the highest tar yield was 35% for wood, about 60% for paper and 30% for
sawdust. Knight [15] carried out some investigations on biomass gasification under different pressures. Phenol was
completely expunged when pressure was above 21.4 bar but Poly Aromatic Hydrocarbon (PAH) increased with
enhancing pressure although total tar decreased. We have studied the effect of biomass size and aspect ratio on intra-
particle tar decomposition [16]. It was discovered that tar yield decreased with increasing biomass length while the
diameter was held constant. Recently, we have investigated the effect of heating rate on product yield distribution in
a thermally thin regime taking into account the effect secondary reactions [17]. We found that although intra-particle
secondary reactions took place, their effects were not significant due to a very short residence time. In all these
studies mentioned above, there was no direct and specific investigation on the influence of biomass thermo-physical
properties on tar intra-particle secondary reactions during pyrolysis or devolatilization, an important stage in
gasification. Therefore this study aims at finding out the effect of thermo-physical properties on intra-particle
secondary reactions.

2. Pyrolysis Mechanism

As in the previous study [17], the pyrolysis mechanism adopted was proposed by Park et al. [18]. As shown in Figure
1, the virgin biomass (wood) primarily decomposes by three competitive endothermic reactions to yield gas, tar and
intermediate solid. The tar generated from primary pyrolysis undergoes secondary reactions yielding more gas and
char. The intermediate solid, however, further decomposes through exothermic secondary reactions only into char. A
detailed description of this model has been given by Park et al. [18]. Tar, being an extremely complex mixture,
requires a huge number of chemical reactions to explain the details of its transformation during secondary reactions.
It is generally difficult to account for all these reactions; hence the need to make some simplified assumptions. More
explanations are given in our previous study [13].

b
S

Figurel: Pyrolysis mechanism [18]
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Table 2 shows the kinetic parameters used for the pyrolysis mechanism. Like other related studies, all secondary
reactions by tar are considered to be exothermic [18, 19]. Reaction rates were assumed to follow Arrhenius
expression of the form k; = A; exp(—E;/RT). Arrhenius parameters and reaction enthalpies are as given by Park et
al. [18]. The heats of reactions were assumed to be constant over the considered temperature range

84


http://www.iiste.org/

Mathematical Theory and Modeling www.iiste.org
ISSN 2224-5804 (Paper) ISSN 2225-0522 (Online) lL.i.l
Vol.3, No.14, 2013 NS'E

Table 1: Kinetic parameters and heat of reaction

Reaction (i) Ai(sh E; (J/mol) Ah; (kJ/kg)
T 1.08 x 10" 148,000 80

G 4.38 x 10° 152,700 80

Is 3.75 x 10° 111,700 -300

c 1.38 x 10" 161,000 -42

C 1.0 x 10° 108,000 -42

0> 4.28 x 10° 108,000 -42

3. Numerical Simulation
3.1 Governing equations

The governing equations consist of the mass conservation equations and energy equation. Model assumptions in this
study include the following:

- Biomass sample can be described by a one-dimensional, time dependent computational domain.

-Local thermal equilibrium exists between solid and gas phases within the particle. This presupposes that the gas
leaving the particle readily heats up to the temperature of the wood char through which it flows [20].

- Components in gas phase obey ideal gas law.
- No particle shrinkage.
- Quenching of secondary reactions as soon as volatile products leave the solid surface [21].

- Diffusive transport of gaseous species within the particle pores is negligible. This implies that only mass flux by
convection is considered since the effect of diffusion is very small compared to convection [20].

- Gasification reaction caused by H,O and CO, released during pyrolysis is not considered. The reason for this
assumption has been explained elsewhere [22].

- No condensation of tar if any migrates through the virgin solid region.
3.2 Solid mass conservation equation

The virgin biomass instantaneous mass balance equation (equation (1)) contains three competitive consumption
terms, each for the reaction yielding gas, tar and intermediate solid, given as
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Ipw
D= —(kg + ke + kis)puw (€

The intermediate solid instantaneous mass balance equation (equation (2)) contains two terms, one for the conversion
of the intermediate solid to char and the other from tar to yield char, given as

9pis
2ots — kispw - kcpis (2)
at

Similarly, the char instantaneous mass balance equation (equation (3)) contains two terms, one for the conversion of
intermediate solid to char and the other from tar transformation to char, given as

9pc
a_pt = kepis + keape (3)

3.3 Mass conservation equations of gas phase components

Mass conservation equations for all gas phase components are expressed by one dimensional cylindrical coordinate
system consisting of both temporal and spatial gradients and source terms.

. 9(epar) | 1 9(rparV) _
A T T T S “)

L 0(epg) | 1 3(rpgV) _
Gas: > i, = Sg» 5)
Tar a(ept) + l a(rptV) — St (6)

at r or

Sar,Sg and S, are the source terms for the carrier gas, argon, product gas and product tar respectively and are given
by:

Sy =0 (7
Sg = kgpw + €kgapr (8)
Se = kepyw — €(kgy + kez)p: )

Intra-particle tar and gas transport velocity is estimated by Darcy’s law, given by

v=-5(%) (10)

u \or

where W is the kinematic viscosity. Porosity,e, is expressed as

e=1- 28R (1—g,,) (11)

where &9, pssum and p,, o are the initial wood porosity, the sum of solid mass density and initial wood density,
respectively. The permeability B of the charring woody biomass is expressed as a linear mass interpolation between
the solid phase components, given as

B=(1-n)B, + nB. (12)

where 7 is the degree of pyrolysis and is defined as
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n= 1— Pwt Pis (13)

Pw,0
3.4 Energy conservation equation

The energy conservation equation is given as

(ComwPw + CopwPis + Cpepe + €Cprpr + €Cp gpy) Z—: = %;—T (Tkeff Z—:) + YizgtisMibh; + & ¥ go 2 niAR; (14)
where

m; = A;exp(—E/RT)p,, i=g,tis (15)

n; =A;exp(—E/RT)p, i=g2,:c2 (16)

Effective thermal conductivity of the particle consists of both the conductive and radiative terms and is expressed as
keff = kcond + krad (17)

where k.,nq 1S estimated as the weighted sum of the thermal conductivities of the virgin wood, char and volatiles,
and varies with the degree of conversion. It is given by

kcond = (1 - n)kw + nkc + Skv (18)
The radiant thermal conductivity through the pores is given by

13.50T3dpore
e

kraa = (19)

where g, e and dy,,. are Stefan-Boltzmann constant, emissivity and pore diameter respectively. Table 2 shows the
properties of the biomass sample.

3.5 Pressure evolution

Total pressure in the process is the sum of the partial pressures of the inert gas (argon) and derived gas, given by

P =Py +Py P= 2T (20)

where M and R are the molecular weight and universal gas constant respectively. Combining equations (4), (5), (10)
and (20), the pressure equation is obtained as

26 2@ 2 2

3.6 Numerical procedures

Wood cylinder was modeled as an isotropic porous solid. The pores were assumed to be filled initially with argon.
As the solid was pyrolyzed, tar and gas were formed while the inert gas (argon) was released to the outer region
without participating in the pyrolysis reaction. The mass conservation equations for the solid species ( egs. (1) — (3) )
were solved by first order Euler Implicit Method. The mass conservation equations for gas and tar ( egs. (4) — (6) ),
the energy conservation equation (eq. (14)) and the pressure equation (eq.(21)) were discretized using finite volume
method. Hybrid differencing scheme was adopted for the convective terms. First-order fully implicit scheme was
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used for the time integral with 0.005 s time step. The computational grid number was 150. The resulting
simultaneous equations were solved by Tri-Diagonal Matrix Algorithm (TDMA). Simulation converged when any of
the normalized residuals of the flow parameters was less than or equal to 0.001. Figure 2 shows the computational
domain and the boundary condition

Table 2: Material properties and kinetics parameters

Property Value Reference
Cow 1500 + 1.0T [J/kg K] [18]
Coc 420 4 2.0T 4 6.85 x 107*T2 [J/kg K] [18]
Cou —100 + 4.4T + 1.57 x 1073T2 [J/kg K] [18]
Cog 770 4+ 0.629T — 1.91 x 107*T2 [] /kg K] [18]
dpore 5x1075(1 —n) + 1 x 10~*x [m] [18]
o 5.67 X 1078 [W/m?K*] [18]
Bu 5 x 10726 [m?] [18]
B. 1x 10713 [m?] [18]
e 0.95 [—] [23]
he 8.4 x 1073 [W/m? K1 [24]
U 3.0 x 1075 [kg/m s] [18]
k, 0.1046 [W/m K] [18]
k. 0.071 [W/mK] [18]
k, 0.0258 [W/mK] [18]
Ewo 0.4 [-] [18]
M, 0.038 [kg/mol] [18]
M, 0.162 [ kg/mol] (assumed to be levoglucosan)

R 8.314 []/mol K] [18]
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Symmetry boundary Boundary conditions at the
conditions outer surface of the wood
cylinder
ar
ar =0
4 Qr = O'B(T‘f, - T4)
apP
5 =0  Wood Qe =h(T; = T)
b cylinder
ap; . : pi = Pipu (i = Ar, g, t)
53 = 0(i=4rg,t)
P =P,

(b) Boundary conditions

(a) Modeled wood cylinder
Figure 2: Computational domain and boundary conditions
4. Results and discussion

Pyrolysis process simulations have been carried out for 30 mm diameter wood cylinders. Thermo-physical properties
such as wood density, wood thermal conductivity and char thermal conductivity were varied in order to study their
effects on intra-particle secondary reactions during pyrolysis. The reactor temperature was taken as 800 K (this
temperature is sufficiently high for studying intra-particle secondary reactions) from the outset of the disintegration
process.

4.1 Effect of biomass density

Biomass density was varied from 300 kg/m® to 1100 kg/m® in order to investigate its effect on intra-particle
secondary reactions. Figure 3 shows the variation of the ratio of the rate of tar intra-particle secondary reactions (Rs)
to the rate of primary tar formation (Rp) from primary pyrolysis process. The ratio Rs/Rp was simulated for each
value of the biomass density considered. Rp and Rs were estimated as

Rp = J,° [ kepi,dtdV, (22)

Rs = ¢ [\° [ (kys + ke)pedtdV, (23)

As shown in the figure, the ratio Rs/Rp increased with increase in biomass density. This implies that the rate of tar
intra-particle secondary reactions became higher while that of tar formation became lower as density increased. This
will therefore lead to reduction in total tar yield and increase in gas and char yield. Figure 4 shows the temperature
and velocity profiles for two different values of biomass density, which can be used to explain this result.
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Figure 3: Effect of biomass density on Rs/Rp

As shown in Figure 4(a), as the density increased, intra-particle temperature profiles were lowered. This implies that
the temperature at the primary pyrolysis front drops as the density increases resulting in slower particle heating rate.
As would be expected, biomass conversion time increased with density. Residence time within the particle as density
increases will therefore become longer. Figure 4(b) shows the transport velocity profiles within the particle for
several elapse times at two values of density. For density of 300 kg/m®, on the average, velocity profiles dropped
with increasing elapse time. This is due to the fact that as the spatial temperature profiles increased, permeability and
pores diameters also increased thereby lowering the pressure gradient, which is the driving force for the flow velocity
(Eq. (10)). On the contrary, for density of 900 kg/m?, velocity profile increased with elapse time. This is because the
spatial temperature distribution, permeability and pores diameters were lower, resulting in higher pressure gradients.
However, in general, velocity gradients were higher for 300 kg/m® than for 900 kg/m®. Therefore, as the density
increased, volatile yields from primary pyrolysis were not released in time thereby having more time to participate in
the secondary reactions to yield more gas and char.

4.2 Effect of biomass thermal conductivity

In order to investigate the effect of biomass thermal conductivity, k,, on intra-particle secondary reactions, kw was

varied between 5x 1072 and 45 x 1072 Wm K1, The ratio Rs/Rp was also calculated for each value of k.
Figure 5 shows the effect of thermal conductivity on the ratio Rs/Rp. From the figure, it is seen that there was a
tremendous increase in Rs/Rp from 5 x 1072 W m™K™to 15 x 1072 W m™ K™, followed by a barely noticeable
reduction in Rs/Rp from 15 x 1072 W m* K™ to 25 x 1072 W m™ K™ and then a steady increase in Rs/Rp from
25x 1072Wm* K'to 45 x 1072 W m™ K™. Based on the foregoing, some more simulations were further carried
out in order to explain these phenomena. In the first scenario i.e., tremendous increase in Rs/Rp, simulation results
showed that the velocity gradients when k, was 5 x 1072 W m™ K™ were, on the average, higher than when k,, was
15 x 1072 W m™ K%, More, the temperature profiles were initially higher for 15 x 1072 W m™ K™ before they
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eventually approach the furnace temperature in both cases. The combination of these factors (elongated residence
time within the particle and high spatial temperature distribution) enhanced better tar intra-particle secondary
reactions for a thermal conductivity of 15 x 1072 W m™ K™,
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Figure 4: Temperature and velocity profiles for several elapse times at two values of density:
d1= 300 kg/m®, d2 = 900 kg/m® t1 =500, t2=600s,t3=700s, t4 =800 s
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Figure 5: Effect of wood thermal conductivity on Rs/Rp

In order to explain the second scenario (a barely noticeable reduction in Rs/Rp between 15 X 1072 and 25 X
1072 Wm™1 K1), some more simulations were also performed. Calculation results showed that within the first 400
s of pyrolysis, when a higher percentage of biomass conversion was accomplished, the velocity profiles were higher
for 25 x 1072 W m™ K™ This implies some reduction in intra-particle residence time. Although the temperature
gradients were higher initially in this case, the temperature gradients for 15 x 1072 W m™ K™ leveled up after about
700 s of the process. The resultant effect was a slight reduction in the extent of tar intra-particle secondary reactions
within this range. The last scenario (a steady increase in Rs/Rp between 25 x 1072 and 45 x 1072 W m™ K™) will
now be considered. Figure 6 shows the temperature and velocity gradients for two different values of biomass
thermal conductivity. As shown in Figure 6 (a), as the thermal conductivity increased, temperature profiles also
increased along the length of the biomass cylinder. This was because the rate of heat transfer towards the interior of
the sample increased, resulting in reduction in the conversion time of the sample. The temperature gradient was
however lowered with increase in thermal conductivity. Figure 6(b) shows the velocity profiles for two values of the
thermal conductivity at various elapse times. As shown in the figure, the flow velocity dropped with increase in
thermal conductivity and elapse time. This was because the increase in temperature profile facilitated the rate of
biomass conversion, which also in turn increased the pores diameters, thereby reducing the pressure gradient that
drives the fluid flow. This culminated in elongating volatile residence time within the particle. Hence, the steady rise
in Rs/Rp. The overall effect of all these will most likely result in increase in gas and char yield at the expense of tar
yield.

4.3 Effect of char thermal conductivity

The effect of char thermal conductivity, k., on intra-particle secondary reactions during pyrolysis was also
investigated. The values of k. were varied between 3 x 1072 and 30 x 1072 W m™ K™%, Figure 7 shows the effect of
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char thermal conductivity on Rs/Rp. As shown in the figure, there was a barely noticeable increase in Rs/Rp from
3x1072to 8 x 1072 W m™ K followed by a continual decrease in Rs/Rp as k. increased. Some simulations were
further performed to explain this trend. Calculation results showed that between 3 x 1072 and 8 x 1072 W m™ K%,
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Figure 6: Temperature and velocity profiles for several elapse times at two values of biomass thermal
conductivity: kwl =15 x 1072 Wm~! K71, kw2 5325 x1072Wm™1K™1,t1=500s, t2 =600s,
t3=700s,t4=800s
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Figure 7: Effect of char thermal conductivity on Rs/Rp

within the first 400 s of the decomposition reaction, the temperature profiles for 8 x 1072 W m™ K™ were a little
higher than for 3 x 1072 W m™ K™ while the velocity profiles were higher for the latter than the former. After 400 s,
the temperature profiles for 8 x 1072 W m™ K™ became much higher, approaching the furnace temperature. This
however was accompanied with increase in permeability and pores diameters, thereby reducing the pressure gradient
that drives the flow. The cumulative effect of all these was elongation of intra-particle residence time which favoured
tar intra-particle secondary reactions. Hence, the slight increase in Rs/Rp. Furthermore, in Figure 7, some consistent
reduction in Rs/Rp from 8 x 1072W m™ K to 30 x 1072 W m™ K™ was also observed. As in other cases
considered, simulations were performed to monitor intra-particle spatial temperature distribution and velocity
profiles at various elapse times to explain this trend. After careful examination of the calculation results, it was
revealed that the declination in Rs/Rp values with increasing char thermal conductivity from 8 x 1072 to 30 x
1072 W m™K™* will be better explained by presenting the results for the elapse time within which a higher percentage
of biomass decomposition was accomplished. Figure 8 therefore shows the temperature and velocity profiles for two
different values of char thermal conductivity from 100 s to 400 s elapse time. As seen in Figure 8(a), the temperature
profiles gradually increased with increase in char thermal conductivity until about 300 s when there was a
recognizable increase in temperature profiles. As seen, the temperature in the region closest to the surface exposed
to heat increased with char thermal conductivity thereby enhancing primary pyrolysis. It implies that the rate of
biomass conversion was accelerated, thereby reducing biomass conversion time. As in other cases, the temperature
gradients flattened out towards the interior of the sample. Figure 8(b) shows the velocity profiles obtained for two
different values of char thermal conductivity at various elapse times. From the figure, it is seen that the flow velocity
increased with char thermal conductivity resulting in accelerated release of volatile yields. This shortened intra-
particle residence time required for tar intra-particle secondary reactions. The combination of these events
(accelerated biomass conversion rate and shortening of intra-particle residence time) will culminate in increase in tar
yield as char thermal conductivity increases. It is also important to report that even after elapse time of 400 s,
velocity profiles, on average, still followed the same trend.
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Figure 8: Temperature and velocity profiles for several elapse times at two values of char thermal
conductivity: kc1=3x 1072 Wm 1 K™%, kec2=15%x 1072 Wm 1 K™1 ,t1=100s, t2=200s,
t3=300s,t4=400s

5. Conclusions

Effects of thermo-physical properties on intra-particle secondary reactions during biomass pyrolysis have been
investigated numerically. Parameters such as biomass thermal conductivity, density and char thermal conductivity
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were used in this study. Wood cylinders (30 mm diameter) were used to represent thermally thick pyrolysis regime.
As would be expected, biomass conversion time increased as biomass density increased. Increase in thermal
conductivity however reduces biomass conversion time. Results also showed that velocity profiles and invariably,
intra-particle volatile residence times are influenced by biomass thermo-physical properties. A combination of the
rate of volatile production, intra-particle fluid flow velocity and spatial temperature distribution will dictate the

eventual product yield distribution.

Nomenclature

A: pre-exponential factor (a/s)

B: permeability (m?)

Cp: specific heat capacity (J/ kg K)
Dpore: pore diameter (m)

E: activation energy (J/mol)

e: emissivity “)

h.: convective heat transfer coefficient (W/ m? K)
k: reaction rate constant (1/s)

k.: char thermal conductivity (W/m K)
kw: wood thermal conductivity (W/m K)
M: molecular weight (kg/mol)
P: Pressure (Pa)

Q: heat generation (W/md)
Q.: convective heat flux (W/m?)
Q,: radiation heat flux (W/m?)
R: universal gas constant (J/mol K)
R: total radial length (m)

r: radial axis (m)

S: source term

T: temperature (K)
t:time (s)

V: velocity (m/s)

V,: control volume (m?)

&: porosity O]

&: initial porosity O]

Ah: heat of reaction (kJ/kg)
W: viscosity (kg/m's)
p: density (kg/m®)
Pw,o- initial density of wood (kg/m?)
o: Stefan-Boltzmann constant (W/m? K*)
n: degree of pyrolysis (W/m? K%
Subscripts

Ar: Argon

c: char, primary char formation reaction
C,. secondary char formation reaction

g: gas, primary gas formation reaction
g2: secondary gas formation reaction

is: intermediate solid, intermediate solid formation reaction

t: tar, tar formation reaction
v: total volatile

w: wood
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