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Abstract

Effect of reactor peak temperature on biomass pyrolysis in thermally thick regime with a constant heating rate of
30 K/s, reactor pressure of 1 atm and reactor peak temperature ranging from 500 to 1000 °C in a fixed-bed
reactor has been numerically investigated. Wood cylinders (p = 400 kg/m3, @ 10 mm and length 20 mm)
were modeled as two-dimensional porous solids. Transport equations, solid mass conservation equations, intra-
particle pressure generation equation and energy conservation equation were coupled and simultaneously solved
to simulate the pyrolysis process. First order Euler Implicit Method (EIM) was used to solve the solid mass
conservation equations. The transport, energy conservation and intra-particle pressure generation equations were
discretized by Finite Volume Method (FVM). The generated set of linear equations was solved by Tri-Diagonal
Matrix Algorithm (TDMA). Intra-particle fluid flow velocity was estimated by Darcy’s law. Results showed that
increase in reactor temperature from 500 to 600 °C and from 600 °C to 700 °C favoured primary tar intra-particle
secondary reactions, causing corresponding increase in the release rate and yield of gas and secondary tar.
Increase in reactor temperature beyond 700 °C had no significant influence on primary tar intra-particle
secondary reactions and on the release rates and yields of volatiles and primary tar. Char yield, however,
decreased continually with increase in reactor temperature. The highest gas yield (50.10%) was obtained at 700
°C, primary tar yield (33.91%) at 500 °C and char yield (14.79%) at 500 °C.
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1. Introduction

Many biomass commercial thermochemical conversion systems use sample sizes and heating rates that cause
both spatial and temporal gradients of temperature, pressure and volatile species concentration within biomass
samples during pyrolysis. These intra-sample gradients will most likely influence various physical phenomena
and intra-particle secondary reactions kinetics, thereby affecting volatiles evolution, compositions and total
yields. Exploring the great potential of these thermochemical conversion systems therefore requires some
adequate understanding of the influence of process parameters in a situation where all these occur. Pyrolysis,
being a viable means of obtaining bio-fuels for supplementing or replacing fossils, has been receiving a lot of
attention. Wood has been considered has one of the most reliable materials that will make biomass
thermochemical conversion technology a veritable source of energy for sustainable development in the nearest
future. Many researchers have attempted to explain the mechanism of wood pyrolysis both in thermally thin and
thermally thick regimes [1-8]. Some others also have studied the behaviour of cellulose pyrolysis under various
process conditions [9-13]. Some of these studies were undertaken with sample sizes ranging from 0 to 1 mm
where intra-particle physical phenomena are too fast and volatile secondary reactions not significant. In such
cases, results obtained were inadequate to discuss various scenarios in thermally thick regime. Previous research
efforts have shown that pyrolysis in thermally thin and thermally thick regimes under the same process
conditions will have different release rates and yields of volatile and liquid products [14-17]. Char yield may
also be affected. In this study, effects of reactor final temperature on biomass pyrolysis characteristics in
thermally thick regime were numerically investigated. The weight loss history, volatiles and liquid release rates
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and yields, and char yield at various reactor temperatures are presented. An attempt was also made to explain the
implications of varying reactor final temperature on intra-particle secondary reactions in this regime.

2. Pyrolysis Mechanism

Figure 1 shows the structure of the pyrolysis mechanism adopted in this study. A detailed explanation on the
development of this mechanism has been reported in our earlier research works [18, 19]. 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 [19].
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Figure 1: Schematic illustration of 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 [18, 19, 20]. Hence, fundamental governing equations will only be set out.

3.1 Solid mass conservation equations

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

ap.

a_ts = _(kg + ke + kig)ps (D
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)

Also, 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)
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3.2 Mass conservation equations of gas phase components

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, given by

Ar 6(8;;40 + 6(P;ZrU) % 6(rgfrV) =S, 4)
Gas: 6(;;29) + 60;‘;1]) +% a(r;fv) =5, ®)
Primary tar : a(sapt“) + a(;:;zlu) % a(rgilv) =St (6)
Secondary tar: a(gapt 2) 4 6(12,;22 9 +% 6(r§;2V) =S )

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

Sy =0 (®)
Sg = kgps + ekgapes )
St1 = keps — elkey + (a+ b)kgy]pn (10
Sez = €bkgape (11)

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

U= —S(Z—’Z’) (12)
- w

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

e=1-— "pﬁ (1—&y,0) (14)

where €9, 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-n)B, + 1B, (15)
where 1 is the degree of pyrolysis and is defined as

n= 1-— PstPis (16)

Pw,0

3.3 Energy conservation equation
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The energy conservation equation is given as

oT 9 oT 10 oT
(Cp,wps + Cp,wpis + Cp,cpc + ng,tptl + Ecp,tptz + ng,gpg) ot = 9z (keff(z) 5) +-= (rkeff(‘r) E) -

ror

lcDhe = Yicg1,is M — € Xizg2.02.c2 ARy (17)

where

le = Ac exp(= Ec/RT) p;s (18)
m; = A;exp(—E;/RT)ps i=g,tl,is (19)
n; = A;exp(—E;/RT) pyy i =g2,t2,c2 (20)

The thermo-physical properties of the wood sample are as given in our previous 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

(i=Art2,9) 2n

P =P, +Py+P; P =27

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 (21), intra-particle pressure equation was obtained as

50 s la Gl -l Gl = sase + 4% @)

3.5 Numerical Procedure

Wood cylinders were modeled as two-dimensional porous solids. 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 (eqs (1) — (3)) were solved
by first-order Euler Implicit Method. The mass conservation equations for argon, primary tar, gas and secondary
tar (eqs (4) — (7)), energy conservation equation (eq. (17)) and the pressure equation (eq. (22)) were discretized
using Finite Volume Method (FVM). 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 [20].

4. Results and discussion
4.1 Peak temperature effect on weight loss history

Figure 2 shows the weight loss history of the pyrolyzing sample at different reactor peak temperatures. As shown
in the figure, at the initial stage, the heat absorbed by the sample was used in heating it and raising its
temperature to a level where active disintegration reactions commenced. During sample heat-up, some water
molecules trapped within the sample would evaporate. This would reduce the moisture content in the pyrolyzing
sample before the initiation of its conversion. For the peak temperature range considered, particle heat-up
continued until 10 s after which active disintegration of the sample began. As would be expected, the rate of
sample weight loss increased with increase in reactor peak temperature. This implies that the rate of sample
conversion to various products increased with increase in reactor peak temperature. From the figure, it can also
be seen that the fraction of the solid weight remaining when active disintegration of the sample no longer took
place decreased with increase in reactor peak temperature. This observation suggests that char yield decreased

73



Chemical and Process Engineering Research www.iiste.org
ISSN 2224-7467 (Paper) ISSN 2225-0913 (Online) may
Vol.33, 2015 IIST[

with increase in reactor peak temperature while gas and tar production from primary pyrolysis were favoured. As
would be expected, increase in temperature shortened the length of time required for the conversion of the
pyrolyzing sample into various products. As shown in the figure, increase in temperature was accompanied with
reduction in the fraction of the solid residue after pyrolysis.
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Figure 2: Weight loss history at different reactor peak temperatures

4.2 Effect on primary tar production

Figure 3 shows the rate of primary tar production at various pyrolysis temperatures. From the figure, virtually at
all reactor temperatures, tar production rate was very low until about 10 s when it began to rise. As the reactor
temperature increased from 500 to 600 °C, the rate of primary tar production increased until about 15 s when the
peak was reached. Beyond this time, primary tar evolution rate began to fall until it approached zero and became
seemingly constant throughout the pyrolysis process. A further increase in reactor temperature from 600 to 700
°C resulted in more increase in the rate of primary tar production, the peak of primary tar production profile
being at about 15 s also but much higher than that at 600 °C. As reactor temperature increased beyond 700 °C,
primary tar production rate appeared unchanged and the profiles of tar production from 700 °C to 1000 °C were
the same. This suggests the possibility of a certain threshold during pyrolysis above which increase in reactor
temperature no longer influenced the rates of primary reactions. It is also plausible that the sample being
pyrolyzed has reached almost 100% conversion into various products before the reactor reached its final
temperature (800 °C and above).

4.3 Effect on intra-particle secondary reactions products evolution

Figure 4 shows the rate of evolution of products from primary tar intra-particle secondary reactions at different
reactor temperatures. From the figure, the profiles of the rates of release of secondary products are similar to the
profiles of primary tar production rates at corresponding temperatures except that the peaks of the latter were
higher than those of the former. As would be expected, increase in temperature from 500 to 600 °C and from 600
to 700 °C increased the rates of evolution of secondary products from primary tar intra-particle secondary
reactions. From chemical kinetics, it is generally accepted that increase in temperature accelerates the rate of
chemical reactions. Provided the sample being pyrolyzed has not been converted completely before reaching the
final reactor temperature (between 500 and 700 °C), it should be expected that rise in reactor temperature will
accelerate the rates of intra-particle secondary reactions thereby enhancing secondary products evolution rates.
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As observed in primary tar production rate, further increase in temperature above 700 °C did not have any
significant effect on the rate of evolution of secondary products from primary tar intra-particle secondary
reactions. It is most likely that above 700 °C, primary tar intra-particle secondary reactions were no longer
significant to the extent that increase in reactor temperature could barely influence them.
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Figure 3: Primary tar production rate at different reactor peak temperatures

0.08 T T T T
500 °C
600 °C -
700 °C -
= 800 E:C
e 0.06 + 000 {‘C E
‘éi, 1000 °C .
&
E
g
= L i
2 0.04
g[) L
g
=
]
o
002 .
v
0 I . . L
0 20 30 40 50 60

Elapsed time [s]

Figure 4: Secondary products evolution at different reactor peak temperatures

4.4 Effect on primary tar release rate

Figure 5 shows primary tar release and consumption rates at different reactor temperatures. From the figure,
increase in reactor temperature from 500 to 600 °C increased the rate of primary tar release with the positive
peak of the release profile much higher than at 500 °C. The figure also shows that primary tar release rate after
reaching its peak at 600 °C began to decline until it became negative and then increased again until it approached
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zero, the level it maintained virtually throughout the remaining period of pyrolysis. This scenario left a negative
peak which was not observed in thermally thin regime. The negative portion of the profile indicates the rate of
consumption of tar molecules as they move through the heated layers within the sample. Some other researchers
have reported similar observations [21]. Further increase in reactor temperature from 600 to 700 °C also caused
an increase in the rate of primary tar release. This was also characterized by a negative peak much higher than
that at 600 °C, indicating a higher rate of consumption of primary tar molecules at 700 °C than at 600 °C. This is
expected to be accompanied with corresponding increase in gas release rate. Temperature increase above 700 °C
had no significant effect on both primary tar release and consumption rates. This suggests that above 700 °C,
sample conversion and intra-particle secondary reactions in the reactor were no longer appreciable, the reason
temperature increase could no longer influence the duo.
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Figure 5: Primary tar release and consumption rates at different reactor peak temperatures

4.5 Effect on gas release rate

Figure 6 shows the rates of gas release at different reactor temperatures. From the figure, as would be expected,
gas release rate was lowest at 500 °C. Temperature increase from 500 °C to 600 °C and from 600 °C to 700 °C
increased the rate of gas release. From chemical kinetics, it is generally believed that increase in temperature
accelerates the rate of chemical reactions. Therefore, gas release rate, gas being the main product of volatiles and
liquid intra-particle secondary reactions, should be favoured with increase in temperature. Above 700 °C,

increase in temperature had no significant influence on the rate of gas release. This should be expected based on
the discussion in section 4.4.
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Figure 6: Gas release rates at different reactor peak temperatures

4.6 Effect on intra-particle secondary reactions

Figure 7 shows the ratio of the rate of secondary reactions products generation (R;) to the rate of primary tar
production (R,) at different reactor temperatures. This ratio is a measure of the degree of intra-particle secondary
reactions. From the figure, it is shown that increase in temperature from 500 to 600 °C, and from 600 °C to 700
°C resulted in increase in R/R,. This increase in R/R, value with increase in temperature suggests that intra-
particle secondary reactions were favoured. Other researchers have reported that tar cracking is flourished above
600 oC [22]. Further increase in temperature above 700 oC did not affect the ratio Rs/Rp. This kind of result
should be expected in the light of sections 4.4 and 4.5.
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Figure 7: The ratio of the rate of primary tar secondary reactions products generation to the rate of primary
tar production at different reactor peak temperatures
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4.7 Total product yields

Figure 8 shows the total yield of product species at different reactor temperatures. From the figure, temperature
increase from 500 to 600 °C and from 600 °C to 700 °C influenced the yields of primary tar, gas, secondary tar
and char. While temperature increase in the two instances increased gas and secondary tar yields, the yield of
primary tar and char decreased. It can also be seen from the figure that while further increase in reactor
temperature above 700 °C had no significant effect on the yield of primary tar, secondary tar and gas, char yield

continued to decrease with increasing temperature. This is in agreement with the findings of other researchers
[23].
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Figure 8: Product yield at different reactor temperatures

As earlier explained, increase in temperature above 700 °C did not noticeably influence the total yield of
primary tar, secondary tar and gas because, above this temperature, both primary degradation of the sample and
intra-particle secondary reactions were no longer significant. Depending on the sample size, the level at which
temperature increase will no longer influence product distribution may vary.

5. Conclusions

Effect of reactor temperature on product distribution in thermally thick regime during biomass pyrolysis has
been investigated under a constant heating rate of 30 K/s and in the temperature range of 500 to 1000 °C in a
fixed bed reactor. Results revealed that increase in reactor peak temperature from 500 to 600 °C and from 600 to
700 °C significantly influenced volatiles intra-particle secondary reactions resulting in reduction in primary tar
yield and increase in secondary tar and gas yield. Findings also showed that temperature increase above 700 °C
had no significant effect on the yield of primary tar, secondary tar and gas. However, char yield continually
declined with increase in temperature. For the considered temperature range, the highest gas yield (50.10%) was
obtained at 700 °C, primary tar yield (33.91%) at 500 °C, secondary tar (19.11%) at 700 °C and Char (14.79%) at
500 °C.

Nomenclature

A: pre-exponential factor (1/s)

B: permeability (m?)

Cp: specific heat capacity (J/ kg K)
E: activation energy (J/mol)
e: emissivity (-)
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h.: convective heat transfer coefficient W/ m’ K)
k: reaction rate constant (1/s)

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

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

r: radial direction

z: axial direction

S: source term

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

U: axial velocity component (m/s)

V: radial velocity component (m/s)

£: porosity )

&y 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
¢2. secondary char formation reaction

g: gas, primary gas formation reaction
g»: 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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