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Abstract

Effects of reactor pressure on biomass devolatilization in thermally thick regime were numerically investigated
in this study. Wood pellet (p = 400 kg/m3*,® 10 mm and length 20 mm) was modeled as a two-dimensional
porous solid and pyrolysis was simulated at a heating rate of 30 K/s and final reactor temperature of 973 K for
five different reactor pressures [vacuum; 0.0001 and 0.01 atm, atmospheric;1 atm and pressurized; 10 and 100
atm, regions]. Transport equations, kinetic models, intra-particle pressure generation equation and energy
conservation equation were coupled and simultaneously solved to simulate the pyrolysis process. Solid mass
conservation equations were solved by first order Euler Implicit Method. Darcy’s law was used to estimate intra-
particle flow velocity. Finite Volume Method was used to discretize the transport, energy conservation and
pressure generation equations. Results showed that even in thermally thick regime, increase in reactor pressure
does not affect the rate of primary tar generation. Findings also revealed that the rates of generation of secondary
products at atmospheric and pressurized regions are not significantly different. Further increase in reactor
pressure in the pressurized region resulted in a slight reduction in the peak of secondary products generation rate.
Results further showed that increase in reactor pressure reduced intra-particle temperature gradient especially in
the pressurized region, thereby causing process time elongation. As would be expected, tar release rate decreased
with increase in reactor pressure while gas release rate increased in both atmospheric and pressurized regions.
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1. Introduction

The need for alternative sources of energy, which are environmentally friendly, has been realized the world over.
Aside from the fact that fossil fuels threaten the environment by emitting greenhouse gases, their reserves are
getting depleted. This has made energy analysts uncertain about the possibility of fossils meeting future energy
demand. Subsequently, biomass energy has been receiving attention and many research works are still ongoing
to explore its potentials. Pyrolysis and gasification are thermochemical routes to recover energy locked up in
biomass and agricultural residues. Many research works have been carried out for better understanding of the
effects of various process parameters, physical phenomena and sample nomenclature on these processes [1-13].
Of recent, we have investigated the effects of reactor pressure on pyrolysis in thermally thin regime [14]. It was
found out that pressure increase within vacuum region (0.0001 - 0.01 atm) and within pressurized region (10 —
100 atm) has no significant effect on the rate of primary tar production, primary tar intra-particle secondary
reactions rates, and gas and tar release rates. However, increase in pressure from vacuum to atmospheric, and
from atmospheric to pressurized region increased primary tar residence time within the pyrolyzing solid, thereby
enhancing intra-particle secondary reactions. In most commercial boilers and gasifiers, biomass samples used are
usually within the thermally thick regime [15]. In this regime, there exists a significant intra-particle temperature
gradient which will affect various physical phenomena and the kinetics of chemical reactions taking place during
pyrolysis. Therefore, this study invesigates the effects of reactor pressure on pyrolysis in thermally thick regime.
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2. Pyrolysis Mechanism

Several mechanisms have been developed by researchers to explain various phenomena taking place during
biomass pyrolysis [16]. Figure 1 shows the structure of the mechanism adopted in this study. Detailed
explanation on the development of this model has been reported in our earlier research works [17,18]. As shown
in the figure, wood first decomposes by three endothermic competing primary reactions to form gas, primary tar
and intermediate solid. The primary tar undergoes secondary reactions to yield more gas and char. The
intermediate solid is further transformed into char by a strong exothermic reaction as shown in the figure.

Reaction rates were assumed to follow Arrhenius expression of the form; k; = A;exp (_Ei/RT). The chemical
kinetic (A and E) and thermodynamic (a and b) parameters are as given in one of our previous works [18].
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Figure 1: Schematic illustration of the pyrolysis mechanism
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3. Numerical Simulation

The governing equations, model assumptions and numerical procedures in this study are already given in our
previous studies [17, 18, 19], therefore, fundamental governing equations are only given here.

3.1 Solid mass conservation equation

The instantaneous mass balance of the pyrolyzing solid comprises three endothermic consumption terms yielding
gas, tar and intermediate solid:

a
2= —(kg + ke + kis)ps (1)
The intermediate solid instantaneous mass balance equation (equation (2)) contains two terms, one for the
conversion of the virgin solid to intermediate solid and the other from exothermic decomposition of intermediate
solid to yield char, given as

9pis
% = kisps — Kepis 2

In the same vein, the char instantaneous mass balance equation (equation(3)) contains two terms, one from the
exothermic decomposition of intermediate solid and the other from primary tar secondary reaction to yield char,
given as

9pc
a_pt = kepis + keape (3)

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

Ar a(e;tm) a(p;;u) n % a(rngV) =S, 4)

Gas: a(;ig) + a(giu) += a(r::,V) =S5, Q)
Primary tar : a(zpt“) + a(‘;tzlu) +% a(rgfv) =S, (6)
Secondary tar: a(ga”t ) 4 a("atZZU) + % a(r;);zv) =5Sp ™)

Sar » Sg, St1and Sy, are the source terms for the carrier gas, argon, gas, primary tar and secondary tar
respectively, and are given by

Sar =0 8)
Sg =kgps + €kgaper 9)
St1 = keps — elkez + (@ + b)kglpe (10)
Sty = €bkgrpiq (11)

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

U= —E(‘;—j) (12)
= w9

where B and u are respectively the charring biomass solid permeability and kinematic viscosity. Porosity, e, is
expressed as

e=1— B0 (1—g,0) (14)

where &, 0, pssum and py, o are the initial porosity of wood, the sum of solid mass density and initial wood
density, respectively. The permeability, B, of the charring biomass is expressed as a linear interpolation between
the solid phase components, given as

B = (1-mB, +nB. (15)
where 1) is the degree of pyrolysis and is defined as

n= 1— PstPis (16)

Pw,0
3.3 Energy conservation equation

The energy conservation equation is given as

aT 2 aT 10 aT
(Cp,wps + Cp,wpis + Cp,cpc + SCp,tptl + SCp,tptZ + SCp,gpg) ot = 9z (keff(z) E) + Tor (rkeff(r) ;) -
lcAhy — Yicg1is MRy — € ¥izgo 12,2 iAR;  (17)
where

lc = Acexp(— E./RT) p;s (18)
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m; = A;exp(—E;/RT)ps i=g,tl,is (19)
n; = A;exp(—E;/RT) pyy 1 =g2,t2,c2 (20)

The thermo-physical properties of the wood sample are as given in our recent study [14].
3.4 Pressure evolution

The total pressure is the sum of the partial pressures of the inert gas (argon), gas and secondary tar from the
pyrolysis process. It is given as

P =Py +Py+P; P=" (i = Ar,£2,9) (21)

where M; and R are the molecular weight of each gaseous species and universal gas constant, respectively.
Combining equations (4), (5), (7), (12), (13) and (24), intra-particle pressure equation was obtained as

5 (e5) L Gl - i Gl = s+ 55 @2)

3.5 Numerical Procedure

Wood cylinder was modeled as a two-dimensional isotropic porous solid. Wood pores were assumed to be
initially filled with argon. As the solid was pyrolyzed, tar and gas were formed while argon was displaced to the
outer region without participating in the pyrolysis reaction. The solid mass conservation equations (egs (1) — (3))
were solved by first-order Euler Implicit Method. The mass conservation equations for argon, primary tar, gas
and secondary tar (eqgs (4) — (7)), energy conservation equation (eq. (17)) and the pressure equation (eq. (22))
were discretized using finite volume method. Hybrid differencing scheme was adopted for the convective terms.
First-order fully implicit scheme was used for the time integral with time step of 0.005 s. The detailed numerical
procedure and calculation domain have been given somewhere else [18]. Model assumptions have also been
given previously [19].

4. Results and Discussion
4.1 Effect of pressure on weight loss

Figure 2 (a) — (e) shows the weight loss history of the biomass material at different reactor pressures [0.0001,
0.01, 10 and 100 atm, representing vacuum (0.0001 and 0.01 atm), atmospheric (1 atm) and pressurized (10 and
100 atm) regions]. When reactor pressure was 0.0001 atm (Fig. 2a), active disintegration of biomass sample
began at about 10 s elapsed time and continued until about 49 s. After 50 s, weight loss seemed to be constant for
the remaining time until the process was terminated at about 60.5 s. As in thermally thin regime [14], the weight
loss history profile was similar at all other reactor pressures considered. This implies that a change in reactor
pressure during biomass pyrolysis does not significantly affect the primary reactions of the feedstock even in
thermally thick regime. However, unlike in thermally thin regime, pyrolysis time was elongated at 100 atm by
7.5 s (Figure 2 (e)). It is possible that at this reactor pressure, external heat transfer resistance is a little higher
than at other reactor pressures. A further study may be required to fully understand this scenario.

4.2 Primary tar production rate

Figure 3 shows primary tar production rate at different reactor pressures. From the figure, primary tar
production rate profiles are the same in all cases. As shown in the pyrolysis mechanism (Figure 1), primary tar
production reaction is one of the three parallel and competing initial reactions undergone by the biomass sample.
This result suggests further that, just as in thermally thin regime, changes in reactor pressure do not also have
any significant effect on the primary pyrolysis of woody biomass in thermally thick regime.
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Figure 2: Weight loss history at different reactor pressures; (a) at 0.0001 atm, (b) at 0.01 atm, (c) at 1 atm
(d) at 10 atm, (e) at 100 atm
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Figure 3: Primary tar production rate at different reactor pressures

4.3 Primary tar secondary reactions

70

Unlike in thermally thin regime, where there is no temperature gradient within the pyrolyzing solid, it is
expected that in thermally thick regime, the presence of temperature gradient will affect intra-particle volatile
transport and chemical kinetics of secondary reactions. Figure 4 shows the rate of products generation from
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primary tar intra-particle secondary reactions at different reactor pressures. As shown in the figure, there was no
increase in the rate of secondary products generation with pressure increase in the vacuum region (0.0001 — 0.01
atm). This is similar to our findings in the thermally thin regime [14]. However, there is only one peak instead of
two in the thermally thin regime. Furthermore, the rate of secondary products generation in the pressurized
region is not significantly different from that at atmospheric condition while at the same time, the peak at 10 atm
appears to be a little higher than that at 100 atm. In order to clarify this scenario, the temperature profile at the
centre of the biomass sample was simulated at different reactor pressures. As shown in Figure 5, the temperature
profiles at the centre of the sample for all the conditions under study were uniform until about 40 s, after which
pressure increase resulted in decrease in temperature gradient. This became more conspicuous with pressure
increase from 10 atm to 100 atm.
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Figure 4: Rate of products generation from primary tar secondary reactions
From chemical kinetics standpoint, decrease in intra-particle temperature gradient has a lot of implications as far
as intra-particle secondary reactions are concerned. This suggests that at vacuum and atmospheric regions,
within some time interval, more tar molecules will be consumed as they flow towards the heated surface than at
pressurized region.
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Figure 5: Temperature history at the centre of the biomass sample at different reactor pressures
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4.4 Tar release rate

Figure 6 shows the rate of tar release at different reactor pressure. From the figure, as in thermally thin regime,
the rate of tar release is highest in the vacuum region (where reactor pressure is less than 1 atm). At this region,
increase in pressure did not have any effect on the rate of tar release (i.e. tar yield is not sensitive to pressure
increase in this region). As the reactor pressure increased from vacuum to atmospheric, there was a significant
reduction in the rate of tar release. This is as a result of more tar molecules participating in intra-particle
secondary reactions to yield secondary tar, more gas and char. As the reactor pressure increased above
atmospheric, there was a further decrease in the rate of tar release from the pyrolyzing solid. This is due to the
fact that a higher percentage of tar produced from primary pyrolysis was consumed in intra-particle secondary
reactions. Aside from increase in pressure, the particle size is also contributory because in large particles, time
duration for tar transport within the pyrolyzing solid is elongated thereby making more time available for intra-
particle secondary reactions. In the pressurized region (region above atmospheric condition), further increase in
pressure does not have any significant effect on tar release rate. Furthermore, as shown in the figure, tar release
rate, after getting to its maximum value reduces until it becomes negative in all the regions considered, the
negative peak varying from one region to another, the maximum being at atmospheric and the minimum at 100
atm. This implies that as tar molecules flow towards the heated surface to escape from the pyrolyzing solid, they
are being consumed in intra-particle secondary reactions. Granli and Melaaen [20] have reported a similar
observation. Negative peaks did not occur in thermally thin regime [14].

4.4 Gas release rate

Figure 7 shows the rate of gas release at different reactor pressures. From the figure, below atmospheric, i.e.
vacuum region (0.0001 and 0.01 atm), increase in reactor pressure has no noticeable effect on gas release rate.
This is similar to our findings in thermally thin regime [14]. When reactor pressure increased from vacuum to
atmospheric however, there was a sharp increase in gas release rate from the pyrolyzing solid. As pyrolysis
condition became pressurized, unlike in thermally thin regime, there was no noticeable difference in gas release
rate.
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Figure 6: Tar release rate at different reactor pressures

This may be due to the fact that more tar molecules are consumed during intra-particle secondary reactions at
atmospheric than at pressurized condition (P = 10 atm) within some time frame (Figure 6), yielding more gas.
Further increase in reactor pressure from 10 atm to 100 atm caused a slight reduction in the peak of gas release
rate. As earlier explained, reduction in temperature gradient with increasing pressure during pyrolysis can
significantly affect the distribution and composition of the products. Although one would possibly suggest
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increase in resistance to external heat transfer as reactor pressure increases, there is need for further study to
clarify what brought about this reduction in temperature gradient.
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Figure 7: Gas release rate at different reactor pressures
5. Conclusions

Effects of reactor pressure in thermally thick regime have been investigated. For large biomass particles
subjected to convective-radiative heating at 30 K/s and final reactor temperature 973 K, increase in reactor
pressure does not affect the rate of primary tar generation. Findings also revealed that increase in pressure
reduces intra-particle temperature gradient (more pronounced as pressure increased to 100 atm) resulting in
momentary consumption of a higher percentage of tar molecules in vacuum and atmospheric regions than in
pressurized region during intra-particle secondary reactions as tar molecules migrate towards the particle surface.
Although there is some clear difference between the positive and negative peaks of tar release rates at
atmospheric and pressurized regions, there is no significant difference in the rate of gas release for both regions.
These results have shown that there may be no significant difference in products yield distribution in thermally
thick regime between atmospheric and pressurized pyrolysis conditions.

Nomenclature

A: pre-exponential factor (1/s)

B: permeability (m?)

Cp: specific heat capacity (J/ kg K)
E: activation energy (I/mol)

e: emissivity (-

h: convective heat transfer coefficient (W/ m? K)
k: reaction rate constant (2/s)

kc: char thermal conductivity (W/m K)
ky: wood thermal conductivity (W/m K)
M: molecular weight (kg/mol)
P: Pressure (Pa)

Q: heat generation (W/m3)
Q.: convective heat flux (W/m?)
Q;: radiation heat flux (W/m?)
R: universal gas constant (J/mol K)
R: total radial length (m)
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r: radial direction
z: axial direction
S: source term

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

U: axial velocity component (mf/s)

V: radial velocity component (mf/s)

&: porosity )

£,: initial porosity )

Ah: heat of reaction (kJ/kg)
W: viscosity (kg/m's)
p: density (kg/m?)
Pwo- initial density of wood (kg/m3)
o: Stefan-Boltzmann constant (W/m? K*)

n: degree of pyrolysis

Subscripts

Ar: Argon

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

0: gas, primary gas formation reaction
0: secondary gas formation reaction

is: intermediate solid, intermediate solid formation reaction
s: solid

t: tar, tar formation reaction

v: total volatile

w: wood
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