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Nonlinear Analysis of Integrated Kinetics
and Heat Transfer Models of Slow Pyrolysis
of Biomass Particles using Differential

Transformation Method

The inherent nonlinearities in the kinetics and heat transfer
M. G. Sobamowo” models of biomass pyrolysis have led to the applications of
various numerical methods in solving the nonlinear
problems. However, in order to have physical insights into
the phenomena and to show the direct relationships between
the parameters of the models, analytical solutions are
required. In this work, approximate analytical solutions for
S. J. Ojolo’ W the nonlinear integrated kinetics and heat transfer of
Associate Professor W pyrolysis of biomass particle under isothermal and non-
isothermal heating conditions are presented using
differential transformation method. Also, the results of the
analytical solutions are compared with the numerical and
experimental results in literature. Good agreements are
established between the present results and the past works.
Thereafter, parametric studies are carried out on the effects
of heating conditions, heating rates, thermo-geometric
parameters, boundary conditions, particles shape and size
on the pyrolysis kinetics and thermal decomposition of
biomass particles. It is therefore expected that this study will
enhance the understanding of the pyrolysis by giving
physical insights into the various factors and the parameters

affecting the thermochemical process.
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1 Introduction

The importance and the centrality of pyrolysis in thermochemical biomass conversion of
biomass have increased the research interests in the studies of biomass gasification. In the
thermochemical processing of biomass, the overall process of pyrolysis entails sequence of
reactions which are very complex. This is because, it involves endothermic and exothermic
processes which their thermodynamics and kinetics are poorly understood [1].
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Under such complex phenomena, it is impossible to formulate a complete mathematical model
of pyrolysis that will be mathematically tractable. Additionally, the complications involved in
the numerical solutions of the sophisticated models make them unsuitable for design and
prediction purposes [1]. However, as a compromise between mathematical tractability and
accuracy of description, simplified models are employed under certain defined conditions to
predict the pyrolytic conversion process of biomass particle. Indisputably, the need for the
simple rationally-based models of pyrolysis as a basis for reactor design has been identified in
the survey of low temperature (< 600°C) pyrolytic conversion of biomass. The developed
simple and economic models are still able to aggregate the more important aspects of the
sequence of events as a solid sample is pyrolyzed. In an early work on the thermochemical
models, assuming a first order single step reaction, Bamford [2] combined the heat conduction
equations in a pyrolysizing solid fuel with heat generation. Based on the Bamford’s model,
further studies by various researchers [3, 4, and 5] have been presented.

In some subsequent works Matsumoto et al. [6], Roberts [ 7] and Kung [8], effects of internal
convection and variable transport properties on the pyrolysis process incorporated in the
thermal models. Kung [8] investigated the effect of char formation on the pyrolysis process
while Matsumoto et al [6] analyzed the rate of char removal during the process. In these studies,
the physical and thermal properties of the biomass particles have been assumed invariants.
However, in reality, the thermal properties of the biomass during the pyrolysis process vary
with temperature. Consequently, different studies on pyrolysis analysis using the temperature-
dependent properties were presented by Matsumoto et al [6], Kung [8], Maa and Baille [9],
Kansa et al. [10], Chan et al, [11]. In some other studies, the limitations of the first-order single
step kinetic models for the prediction of the pyrolysis process have been pointed out [8-12].
Therefore, in order to increase the accuracy of the prediction of kinetic models, Kung [8], Chan
et al. [11] and Koufopanos et al. [12] presented multi-step reaction schemes.

Also, Lee et al. [13] modeled the heat of reaction of pyrolysis while the effect of anisotropy
of the pyrolysing medium has been considered by Kansa et al. [10]. In another work, Maa and
Baille [9] proposed an ‘unreacted shrinking core model’ for high temperatures pyrolysis process
while Miyanamie [14] studied the effects of heat of reaction and Lewis number on the pyrolysis
of solid particle. For the motion of the gases within the solid, a momentum equation was
included by Kansa et al. [10]. In the same year, Fan et al. [15] developed a ‘volume reaction’
model taking into account simultaneous heat and mass transfer in the particle.

In an earlier study, Pyle and Zaror [1] experimentally investigated pyrolysis of biomass. Few
years later, Simmons [16] analyzed a simplified heat transfer model with an assumed first order
reaction for the estimation of an upper bound for biomass particle size in conducting
experimental pyrolysis kinetic. In the same year, Villermaux et al. [17] presented a
Volatilization Thermal Penetration model (VTP) for any kind of solid reaction where
volatilization is controlled by heat conduction from the outer surface. On the modeling of
pyrolysis of biomass particle, particularly on the studies of the kinetic, thermal and heat transfer
effects, Koufopanos et al. [12] assumed the pyrolysis process to be primary and secondary
kinetic reactions. Using the model of Koufopanos et al., Di Blasi [18] analysed the effects of
convection and secondary reactions within porous solid fuels undergoing pyrolysis. Melaaen
and Gronli [19] presented models on moist wood drying and pyrolysis. Jalan and Srivastava
[20] explored kinetic and heat transfer effects on the pyrolysis of a single biomass cylindrical
pellet. In a further study on kinetic of biomass pyrolysis, Ravi [21] proposed a semi-empirical
model for pyrolysis of sawdust in an annular packed bed using pseudo-first order reaction for
the chemical reaction of the pyrolysis. Meanwhile, Babu and Chaurasia [22] considered time-
dependent density and temperature-dependent specific heat capacity of biomass to investigate
the dominant design variables in pyrolysis of biomass particles of different geometries in a
thermally thick regime.
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In the recent time, Sheth and Babu [23], presented kinetic model for biomass pyrolysis and
concluded that pyrolysis in wood is typically initiated at 200°C and lasts till 450-500°C,
depending on the species of wood. Three years later, Yang ef al. [24] presented that the major
stage of biomass pyrolysis occurs between 250-450°C. In another study, Mandl et al. [25]
pointed out that the pyrolysis of softwood pellets takes place at around 425K and char particles
and volatiles are formed while Weerachanchai er al. [26] submitted that the major
decomposition of all biomasses occurred in the range of 250-400°C. In their study on poplar
wood, Slopiecka et al. [27] concluded that the decomposition of hemicelluloses and cellulose
take place in active pyrolysis in the temperature from 473-653K and 523-623K, respectively.
The authors added that Lignin decomposes in both stages: active and passive pyrolysis in the
range from 453-1173K without characteristics peaks. In recent times, further investigations into
the mechanisms of biomass kinetics are presented [28-51].

In most of the previous works, the present nonlinearity of the improved thermal models

necessitated the use of numerical methods to provide solutions to the nonlinear thermal models
of biomass pyrolysis [1-26]. Moreover, the analytical solutions (exact/closed form solutions) of
the developed pyrolysis models of the study under investigation have been stated to be
’involved’ [51]. However, the classical way of finding analytical solution is obviously still very
important since it serves as an accurate benchmark for numerical solutions.
Additionally, analytical solutions are essential for the developments and verifications of
efficient applied numerical simulation tools. They show the direct relationship between the
models parameters. When such analytical solutions are available, they provide good insights
into the significance of various system parameters affecting the phenomena as they give
continuous physical insights than pure numerical or computation methods. Also, they are
convenient for parametric studies, accounting for the physics of the problem and as they more
appealing than the numerical solutions. In the bids of establishing analytical solutions for the
pyrolysis process However, Ojolo et al. [52] and Sobamowo et al. [53-55] developed analytical
solutions for kinetic and heat transfer models in slow pyrolysis of biomass particles.

In another study, Bidabadi et al. [56] submitted an analytical model for flame propagation
through moist lycopodium particles while Dizaji and Bidabadi [57] presented analytical study
on kinetics of different processes in pyrolysis of lycopodium dust. Most of the studies on the
development of analytical solutions are based on the assumptions of constant thermal
properties. Such studies are limited to very low temperature pyrolysis process where the
thermophysical properties are approximately constant.

To the best of authors’ knowledge, the development of analytical solutions of pyrolysis
kinetics and thermal models of different shapes of biomass particles using differential
transformation method has not been carried out in literature. Also, the analytical study of the
effects of biomass particle shapes on the thermal decomposition of biomass particles and the
effects of different outer boundary and heating conditions on the pyrolysis of biomass have not
been really investigated in the past work. Moreover, the quantification of the heating rates for
different pyrolysis technologies, which is of utmost importance in the biomass conversion
processes, has not been studied in detail.

Therefore, in this study differential transformation method is used to present analytical
solutions for integrated nonlinear kinetics and heat transfer models for the pyrolysis of biomass
particle of different regular shapes under different outer boundary and heating conditions.
Simulations are carried out to study the effects of isothermal, non-isothermal heating
conditions, particle size, particle shapes, and boundary conditions on the pyrolysis kinetics and
thermal decomposition of biomass particles.
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2 Mechanism of biomass particle pyrolysis Kinetics and heat transfer

When heat is transferred by conduction, radiation and/or convection from the hot gases
surrounding the biomass to the surface of the biomass particle and then by conduction to the
interior of the particle Fig. (1), the temperature inside the particles increases as the heat
penetrates more into the solid causing drying off the moisture from the biomass. The rate of
such drying process depends on the temperature, velocity, and moisture content of the drying
gas as well as the external surface area of the feed material, the internal diffusivity of moisture
and the nature of bonding of moisture to that material, and the radiative heat transfer. As the
temperature increases, the biomass particle decomposes into charcoal, tar and gaseous products
as shown in Fig. (2). The amounts of each of these products vary depending on the zone
temperature, rate of heating, structure, and composition and size of catalysts.

a. Model development for the biomass pyrolysis process
Fig. (3) shows the kinetic scheme that describes the process of pyrolysis (primary and
secondary). The pyrolysis process involves thermal decomposition of biomass into gases, tar

(liquid product of biomass pyrolysis, known as bio-oil or pyrolysis oil) and char, and the tar
further decompose into char and gases.
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Figure 2 Schematic diagram shown the decomposition progress of biomass pyrolysis



Nonlinear Analysis of Integrated Kinetics and Heat Transfer ... 9

Gases
/h/' Ky Ganos
Biomaan ——be— Tar H'-FFF:J&;__*
K Chawr
Char

Figure 3 Two-stage parallel reaction model of biomass pyrolysis

The two-stage parallel reaction model of biomass pyrolysis has previously been adopted by
other researchers [10, 13, 17, 18, 19, 21, and 61]. According to the two-stage parallel reaction
model, the biomass undergoes thermal degradation according to primary reactions (k;, k2, k3)
giving gas, tar and char as products. Tar may undergo secondary reactions (k4 ks).

This model shows to be the most classical models for wood pyrolysis [65].

The kinetic of the pyrolysis process are given as

Cq =—(k, +k, +k;)Cy (1a)
ot
0
%: k,Cy; —e(k, +k;)C; (1b)
Ce _ k,C; +¢k.,C; (1c)
ot
oC,
el k,Cg +k,C; (1d)
where
—E .
k = A exp|| —- 1=1-5
i
The initial conditions for the kinetic equations are;
tZO’CB:CBO'CC:CG:CFZO ()

For the Isothermal condition, 7=T,

k. = A exp H;{—_IE_'H i1=1-5 3)

Srivastava [23] assumed that in the thermo-gravimetric analysis, the temperature and time have
a linear relationship (non-isothermal heating condition). This therefore led to the appropriate
representation to describe the Srivastava’s assumption as;

T=T,+pt “)
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Where T, is the initial temperature in K, £ is the heating rate in K/s and t is the time in s.
Which makes

—E )
ki = Aexp (—'j 1=1-5 &)
{ R(T, + /1)

The above kinetic models are non-dimensionalized using the following dimensionless parameters;
~ C = C, = C, = C, = C C
Ce=—2 Ca==2 Cua==% Ce==2 Cc==% CCZZﬁ (6)

CBo CBO CBO CBO CBO CBO

However, for the sake of cleanliness, the bars on the equations are removed in the solutions and
the non-dimensionless forms of Eqgs. (1a-1d) are exactly the same as the equations. In order to
avoid writing seemingly similar equations, the non-dimensionless forms of Eqs. (1a-1d) are not
written out in this work.

2.2. Heat transfer model of pyrolysis of biomass particle

Following the assumptions as given by Pyle and Zaror [1], the heat conduction equation for the
biomass particles is given by Eq.(6)

o(pc,T) 1 0 ( oT
o " on

Ka"— |+ . 7
ah) Qreactlon ( )

where

H= x, n=0 for rectangular shaped particle
H=r, n=1 for cylindrical shaped particle
H=r, n=2 for spherical shaped particle

The temperature-dependent thermal properties are defined as
C,=Cpo(1+yT), K=K, (1+0T) (8)

Forwood, ¢, , =1112,  =0.004361511, K,=0.13, v»=0.002307692

2.2.1 Case 1: Particle surface temperature with convective and radiative heat transfer

The first case considered in this work is when the outer boundary of the biomass particle is
subjected to convective and radiative heat transfer. For this case, the initial and the boundary
conditions are;

The initial and the boundary conditions are;

t=0, T=T,

t>0, (ﬂj =0
oh ),y )

t>o,—«(%%1H=4WL—¢)+UEO?—Tﬂ
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2.2.2 Case 2: Particle surface temperature with high external heating fluxes

A second case of the heat transfer in the biomass particle during the pyrolysis process is
considered. In this case, it is assumed in the outer boundary condition that the surface
temperature of the slab is specified with high external heating fluxes available using fluidized
beds, radiation, or other devices [16].

Under such scenario, the initial and the boundary conditions are;

The initial and the boundary conditions are;

t=0, T=T,
oT
t>0, |— =0 10
(ahlzo (10
t>0, T,_, =T,

On substituting Eq. (8) into Eq. (7), after expansion, one develops the thermal model for
rectangular shaped biomass particle as

oT

o°T oT
pCD,O (1+2V/T)E: KO ((1+ T)g_'_ (axj J+Qreaction (11)

When the outer boundary of the biomass particle is subjected to convective and radiative heat
transfer, the initial and the boundary conditions are;

t=0, T=T,
t>0, (ﬂj =0
OX Jyo (12)

t>0, _k(arj =h(T,-T)+oe(T}-T*)

aX x=L

Where
K 1/3 0.5
h :O.322(Tj Pr °Re (12)

When the surface temperature of the slab is specified with high external heating fluxes, the
initial and the boundary conditions are;
=T

t=0, T=T,
t>0, (Q{j = (13)

X

It should be noted that the ‘Q’ (the pyrolysis enthalpy source term due to conversion) in Equ.
(7) is found according to the two-step reaction mechanism as

reactlon ch Ah +ch Ah (14)

Substituting Eq. (14) into Eq. (11), we have
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o°T
—+4v
OX?

oT

PCoo(1+2yT)— -

KO((1+UT) (aTj J ch Ah, +ZkCTAh (15)
The reaction rate coefficient is “exponential” with temperature which renders the Eq. (15)

highly nonlinear. The Taylor’s series expansion of the nonlinear form upto the fifth term is
given as:

1+ EZ(T—TO)+ = - £ T-T,)°
o0 2R TS R,
__E 2
k = Ae " E : E ] _ 6E 6|(T-T)
6R,T, R,T, R,T, (16)
3 2
E : E 12 E _36E_24 (T-T)*
24R TP | RT, R,T, R,T,
Substituting Eq. (16) into Eq. (14), we arrived at
E.
i —T)?
T)+ [RQTO ](T o)
3 _ i
-T C.Ah
reactlon Z:l: 6R -I—4 (T ) B 1
E, ’ E i 36E,
i5 — | 12| — | -2 24 |(T-T,)"
24RgT0 R,T, R,T, R,T,
7)
E E
L 2 |(T-T
Tza- To)+ 2R,T ( R, T, J( o)
E;
£y Ae B |4 6 (T - C,Ah
- 6R,T. R 0 !
E ’ E ) 36E
0 B B ey -T.)*
24R T2 |\ R T, R,T,

Substituting Eq. (17) into Eq. (15), gives
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po(1+21//T)6T K [1 +0T)— ( jj
ot
E E
1+ — — 2 |(T-T,))?
R, 02( ( RT ](T o)
3 __E E
Ry, i
e " +— CgAh,
izzl" A 6R9T04 [R B
E 36E;
———24 T-T)
" 2R T{[ ] [ J( o) (18)
+
E,
— 2 |(T-T)°
( B ]< :
5 _E E
R,T, ;
+ e g0 + 1 CAh
Z;‘ A 6R,T,’ LRT 51T~ T
N E, : 3 E, _36E 24 |(T-T)"
24R T, RT R, T

Using the following dimensionless parameter to transform the equations, the initial and the
boundary conditions to non-dimensionless forms;

B 2 VAT,
p_T-Ty e T, L K.t . QAL%e /T /1=2V/(Tf _To)'
t—To T, -T, pcp,ol- K(T, - )
E.
_ X 3 _R'II' (Tf )
—olT. -T 2 e °°Ah, e fle| 227 AR,
g U( f o) L Z:;A L f = ZA ( RTO i
3 “RT 2E. E 2
= e °° -1 —T.)°Ah,
ﬂz ;Ai RTOSJ(ZR 0 J(rf o) i
s S (e Y 6E
R,T, 3
= g oe - +6 -T.)’Ah,
ﬂ3 |Z:1: A Rg-l-o J RQTO {GR T J(Tf o) i
s = E E Y E ) 36E
Ry, i i i 4
= g folo i | 12| —24 |(T. =T.)*Ah,
Z lep* 24R9T05]HRTOJ (RTOJ R,T, Jaf o) AR
s, 2 (E(T, -T,)
R,T, i f 0 2
— e 90 - T Ah
71 i:4A [ RT02 j o ;A [ZRT J(Tf 0) i
E 2
3 ' o pe | [ _E | _6E ~T.)*Ah
- Ralo Al | .
& MA 7= RoZ RT, RT 6| =T)ah
5 E E ) 36E
Vs A — |- —i ~2—L_24|(T, -T,)*Ah
= 24RT T RTO R,T,
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(1+/1(9(X,1)+¢)))89E;i’7) =(1+§(9(X,7)+(p)) 62‘96(;(2’1) N =

The heat transfer model is developed in dimensionless form is gives as
[ae(x , r)J2

(19)

» +8.0° (X,7)+ B,0" (X,7)
{70 +}/19(X,T)+7292(X,T):|C (0)
+}/393(X,T)+7404(X,T) !

{ﬁo +,819(X,r)+/3292(x,1)}c )

And the dimensionless initial and boundary conditions are

r=0, 6(X,0)=0
r>0, x=0, 2%_g

X
_ 86_ . - 4_ 4
r>0, X =1 a—X—BIm9+BIr[(0+(p) (p}

Similarly, the heat transfer model for the cylindrical-shaped particle is developed in

(20)

dimensionless form as
649(R,r) =(1+§(9(R,T)+(p)) azga(RRz,z')
ﬂo +1810(R’T)+13292(R’T)}C

(1+2(6(R.7)+9))

. (ag(R,T)JZ (1+<(0(R7)+0)) ae(R'T)—a L,B393(R,r)+ﬂ494(R,r) Q1)
oR R oR N Yo +70(R,7)+7,0%(R,7) c.(7)
+7,0° (R, 7)+7,0(R,7)
And the initial and boundary conditions are
r=0, 6(R,0)=0
(22)

7>0, R=0, %:O
OR

>0, R=1 %=Bim9+8ir[(9+¢)4—(p4}
Furthermore, the heat transfer model for the spherical-shaped particle is developed in
dimensionless form is given as
00(R,t 0°0(R, 7
R)_(ac(0(R,e) o) ZUR2)
ﬂ0+ﬂl€(R,Z‘)+ﬂ2€2(R,T)
) ) . C(7) | (23
j +2(1+§(6’(R,r)+(p)) 00(R) __|[+A0 (R,7)+ 5,0 (R,7)
R R Yo+ 1O(R,7)+7,0%(R,7) ¢ (0)
T
+7,0° (R, 7)+7,0*(R,7) '

(1+2(0(R.7)+9))

+§[aegi,r)
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The initial and boundary conditions are
r=0, 0(R,0)=0
00
>0, R=0, —=0
‘ R (24)

_ 89_ . . 4_ 4
>0, R=1, a—R—BIm9+BIr[(9+(p) o'

3  Method of Solution: Differential Transform Method

Following the introduction of differential transformation method (DTM by Zhou [66], the
applications of DTM to both linear and non-linear differential and system of differential
equation have fast gained ground as it has appeared in many engineering and scientific research
[67-73]. The potentiality of the method is displayed in the provisions of symbolic or analytical
solutions to both linear and non-linear integral and differential equations without linearization,
discretization or perturbation [67-73]. DTM is capable of greatly reducing the size of
computational work while still accurately providing the series solution with fast convergence
rate. The basic definitions and the operational properties of the method are as follows:

If u(t) is analytic in the domain T, then the function u(t) will be differentiated continuously

with respect to time .
4O _ i p) forall teT (25)
dt?
for t=t,, then o(t, p) =¢(t;, p) , where p belongs to the set of non-negative integers, denoted
as the p-domain. We can therefore write Eq. (25) as

(26)

U(p)=¢(ti,p)={dp““)}

dt®

Where U, is called the spectrum of u(t) at t=t,

Expressing u(t) in Taylor’s series as

u(t) = Z{ } U(p) (27)

where Equ. (27) is the inverse of U (k) . The symbol ‘D’ denoting the differential transformation
process and combining (26) and (27), we have

u(t) = Z[ ]U(p) D7U(p) (28)

Using the operational properties of the differential transformation method, the following
recursive relations for Egs. (1a)-(1d) under isothermal condition are developed

_h+@+&

Ce(p+1) = (p+1)

Ce(p) (29a)
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Kk, ek, +k)
C,(p+1)=—2—C,(p)-t—52
- (P+D) (0+1) s(P) (0:D) C;(p) (29b)
Kk,
C 1) =
c(p+1) o+ ) (p 1) C (p) (29¢)
K,
C 1) =
s(P+1) 0 1) ( 1) C:(p) (29d)

The differential transformation for the heat transfer model for the rectangular shaped particle
as shown in Eq. (19) is

(n, p+1)a(n, p+1)+/12nlzp:0(n—r, p)(P—v+1)0(r,p—v+1)+Ap(n, p+1)4(n, p+1) =

r=0 v=0

(n+)(n+2)8(n+2, p)+§znlzp:0(r p—V)(n—-r+2)0(n-r+2,v)

+Cp(n+1)(n+2)0(n+2, p)+§zn:2 V+1)(n—-r+1)6(r+1, p-v)d(n-r+1v)

r=0 v=0

BC +ﬁ1229(r p-v)Cq(p)

+ﬁziuiripiv9(r p—V-w)d(s,v)Cq (W)
+ﬂ32i:u_r H_SZ’): 3 p_i_w[e(r, p—v-w-y)0(s,v)0(q,W)C, (W)] (30)

o
L
°
<
E
<
<
E

O(r,p—v-w-y—-2)60(s,v)
r=0s=0 g=0 m=0 v=0w=0 y=0 z=0 H(q W)e(m y)C ( )

—a
7oCT(p)+7lzZ‘9(r’p_S)CT(p)
+7, i U:riié’(r p—V-w)d(s,v)C; (W)
+7, vSS szp:p_v p_v_w[e(r, p—v—w—y)H(s,v)H(q,w)CT(y)]

PV p—y=w p-v-w-y H(r, p—v—W—y—Z)G(S,V)
r=0s=0 g=0 m=0 v=0w=0 y=0 z=0 9(q,W)9(m,y)CT(Z)

And DTM of the initial and boundary conditions are
6(n,0)=0 31

(n+1)6(0, p) =0 (32)

The differential transformation of the second boundary condition could be written as
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(33)

p_pv n

—6¢ZBi,ii 0(r, p—v—-w)d(s,v) - 4Bi ¢’ Zpla(r p

r=0 s=0 v=0 w=0 r=0 v=0

The above complications in the analysis of the developed differential transformation for the
secondary boundary conditions can easily be avoided and actually represented by stating that

oL p)=a (34)
where “a” is an unknown parameter which will be found later by imposing the second
boundary conditions after the algebraic solution of the thermal model.

Also, the differential transformation for the heat transfer model for the cylindrical shaped
particle as shown in Eq. (21) is

anzplﬁ(vfl, p—-Vv)(p-v+1)@(n, p-v+1)

n n-r p p-v
+2). 3 DY 5(r=1p-v-w)d(n-r-s,v)(p-v-w+1)0(s,p—v-w+1)
r=0 s=0 v=0 w=0
n P
Ay > 8(v-1p-v)(p-v+1)d(n,p-v+1)
r=0 v=0

p
Z S(r-1Lp-v)(n-r-s+1)(n-r-s+2)f(n—r-s+2,v)
=0

w=0

¢ 22 Zp: ;5(r—1,p—v—w)(v+1)(n—r—s+1)9(r+1,p—v—w)@(n—r—s+1,w)

(n+)o(n+1, p)+§zn“zp:5(v—1, p—v)(n—r+1)8(n—r+1v)+Lp(n+1)4(n+1, p)
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Furthermore, the differential transformation for the heat transfer model for the spherical shaped

particle as shown in Eq. (23) is

+l§n:nirzp:piv§(r Lp-v-w)d(n-r—sv)(p-v-w+1)0(s, p-v-w+1)
r=0 s=0 v=0 w=0
M)iiﬁ(v -Lp-v)(p-v+1)é(n,p-v+1)
r=0 v=0
nzp:5(v Lp-v)(p-v+1)(p-v+2)0(n-r+2,v)
r=0 v=0
+§"Eip’v(5(r Lp-v-w)o(r,p—v-w)(n—r-s+1)(n-r—s+2)@(n—-r—s+2,v)
r=0 s=0 v=0 w=0
+C¢Zn:nirzp:piv5 r-1p-v)(n-r—s+1)(n—-r—s+2)0(n—r—s+2,v)
r=0 s=0 v=0 w=0

g .2 i ;5(r—1,p—v—w)(v+1)(n—r—s+1)6’(r+1,p—v—w)9(n—r—s+1,w)

2(n+1)0(n+1, p) +2§Zn:2p:5(v—1, p—V)(n—-r+1)@(n-r+1,v)+2{p(n+1)0(n+1, p)

10 =0
,Burnovzp(;é(r 1p- v)CB(p)+ﬂern;vzp;8(r—l,p—v)CB(p)
+ﬂzggggé)(r 1 p—-v-w)d(s,v)Cqy (W)
+,Bszn:uzir:u*riszp: S p7V7W[o9(r—1, p—v-w-Y)6(s,v)0(q,w)Cy (W) ]|

720 50 40 v=0w=0 ¥=0
0 u-rur-su-r-s-q_p_p-v p—v-wp-v-w-y[ G (r —1,

7oZn‘,Zp‘,5(r 1 p-s)C; (p)+7lznlzp:0(r ~1,p-5)C; (p)

+yzzn:uizp:pi0(r -1 p-v-w)d(s,v)C; (W)

+;/3Zn:Z > Zp:pz [H(r—l,p—v—w—y)e(s,v)e(q,w)CT(y)]
pawp-cny| O(r -1, p—v-w-y—2)0(s,v)
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°
L

(36)

It should be noted that the differential transformed of initial and boundary conditions for
cylindrical and spherical shapes are identical and equivalent to that of rectangular shaped
particle as presented in Egs. (31), (32) and (34). The solutions of the kinetic equations for the

isothermal condition are given as follows:
The analysis of C, (p +1):

From Equ. (29a), we have

—(ky +k; +ks)

Co(p+D) = Cs(p)
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Analyzing the differential transform in Eq. (29), we have

Bo’

Co(D) =—(k +k, +k;)Cqy» C,(2) = wc

4 . 5 6
(kl+k2+k3) CBO’ CB(5): (k1+k2+k3) CBQ! CB(6):(k1+k2+k3) C

C.(4) =
=(4) 24 120 720 Bo

_—(k1+k2+k3)7 _(k1+k2"'k3)8 ae v e —(_ n(k1+kz+k3)n
CB (7) = 5040 CBD’ CB (8) - 40,320 CBO C(n) _( 1) n! CBo

Applying the inverse differential transform,

Cy(t) =Cy(0)+Cy (Dt +Cy (2)t* +C, (3)t°

+C (Mt +C,(B)° +CL (B)° +Cy (Tt +C, (B)® +...+ Cy (N)t" 37

After substituting the results in the above analysis into Eq. (37), we have

3 4
Co(t) = oy —[(k, +, +k;)]Coct {Lﬁ”ﬁ)}cmtz {W}Csota {%}CB#

_[(lﬁ +k, + ks)S]CBOtB + (ki tk+ k3)6CBot6 _[(kf"kz + k3)7 leBoﬂ +|:(k1 +k, +k;)° }Csote

120 720 5040 40,320

(38)
362880 3628800 39916800 479001600
_[(kl"'kz"‘ks)}cmtla_,_[ (ky +k, +k;) :‘Caotu_l: (ky +k, +k;) :|CBot15+"'

_|:(k1 +k, + k3)9 :|C80t9 4 |: (k,+k, + ks)lo :|CBotlo —|:—(kl kot k3)1l:|CBotu + {M}Cmtlz

6227020800 87178291200 1307674368000

Eq. (38) can be written as

2 3 4
1—(kl+k2+k2)t+(k1+k22+k2) tz—(kl+ké+k3) t3+(k1+§4+k3) Y

5 6 7 8
_(kl+k2+k3) 5 (k,+k, +k;) t6_(kl+k2+k3) 7 +(kl+k2+k3) p
Cy(t)=C,, 120 720 5040 40320 (39)
kK, k)’ o (k, +k, +k,)"*° o _ (k, +k, + k)" oy (k, +k, +k,)" 2
362880 3628800 39916800 479001600
(kg K, k)" o, (k, +k, +k,)* e (k, +k, +k,) g5,
6227020800 87178291200 1307674368000

L _1 P —( (kg +ky+
CBo(t):CBoZ( p? (k1+k2+k3)ptp :CBoe ((k+kptks)t) (40)
p=0 :

The analysis of C, (p+1):

From Equ. (29b)
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K, gk, +k;)
Cr(p+1)= Co(p)— 57
(p+1) (01 (p) (0+1)

C; (p)

On analyzing the differential transform in Eq. (29b), we have

CT(l) = kchO
C.(2)= _{kz(kl +k, +k;) N ek, (k, + ks)}cBO
2 2
2 2
C.(3)= k,(k, +k, +k;) +l ek (k, +k) (k, +k, +k;) N [e(k, + k)] C,.
3 6 6
k,(k, +k, + k3)2
3
CT(4)=— kz(k1+k2+k3)3+g(k4+k5) (k1+k2+k3) c
24 4 6 Bo
+4 &k, (k, +ks) ,
ek k)]
6
K, (k, + K, +K,)?
24
K, (K, +K, +K;)°
C ()= kol + kg +ho)" | ek, +ko) 3 .
T 120 5 ek +ks) (k, +k, +k,) B0
4 6
+1 ¢k, (k, +ks)
T Ttk k)
6
K, (k, +k, +k,)°
720
K, (k, +k, +k,)*
120
K, (k, +k, +K,)*
24
&= L &k, ko) K, (k, +k, +k,)? Ceo
6 |, alkrk) 3
5|, elk+ky) (k, +k, +k,)
Yook, +k)| 8
RN CCRTS§
6

and so on. Therefore, the differential transformation solution of Cr is given as
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C, (1) =C,(0)+C, ()t +C, (Qt* +C, (3t +C, (MHt* +C, B)t° +C, (6)t° +...+C, (n)t"
The analysis of C.(p+1):
From Equ. (29c¢)
k ek
C +1) = S _C + 5 C
c(p+1) (01D s(P) (piD) +(P)
Analyzing Eq. (26¢) as before, we have
C.(D)=k,Cg,,
k,(k, +k, +k,) ek,k
co()--{Slorari) s le,
2 2
C.(3= M_ ek ke (k1+k2+k3)+[5k3k5] C.,
3 6 6
k, (k, + K, +K;)?
3
C.(4)=- ks (k, +k, +k;)° _ gkaks (k, +k, +k;) c.
24 4 6
+4 ek;kg )
+(8k3k5)
6
K (k, +k, + k3)3
24
Ky (k, +k, + k3)2
Ky(k +k, +K,)*  ekk 3
C.(5)=43\1 %" ) ©R3hs c
<) 120 5 | ekyk (k, +k, +k,;) Bo
4 6
-4 ekok
o (£kks)’
6
k3(kl+k2+k3)5
720
ky(k, +k, + k3)3
24
k.(k +k, +Kk,)?
Cc(6)=— ) a(k +K; +ky) c,
ekek | Ky(k Ky 1K) gkoks 3
6 120 5 | ekpk, (k, +k, +k,)
4 6
—3ek.k
R (eksks)®
6

21

(41)
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and so on. The differential transformation solution of Cc is given as

C.(t)=C.(0)+C. ()t +C(t* +C. (A)t* +C (At* +C. (B)t° +C (B)t°® +...+C (N)t" (42)

The analysis of C.(p+1):

From Equ. (29d)

k ek
C.(p+)=—2-C +—4
s(p+1) (01D s (P) (p+1)Q(p)
On analyzing Eq. (29d) as before, we have
Ce @) =kCy,
k (k, +k, +k;) ekk
CG(Z)Z—{ 1(1 22 3)_ 54}CBO
2 kk 2
C.(3) = ky(k +k, +ky)* kK, (k1+k2+k3)+(£ K,) c.
3 6 6
k, (k, +Kk, +k;)?
3
C.(4)=— ky(k +k, +k)°  gkik, (kKo +ko) 1] | o
¢ 24 4 6 Bo
+4 kK, )
(ekik,)
6
k,(k, +k, +k;)°
24
K (k +k, +k)*  ekk 3
C.(5) = 1\ 2 3/ 174 C
o0 120 5 | ekk, (k, +k, +k,) Bo
4 6
—3ekk
4k (ekik,)’
6
k, (k, +k, +k,)°
720
k, (k, +k, +k,)°
24
_ k, (k, +k, +k,)°
CO=71 sk, [k rk tk)* ek, 3 Coo
6 120 5 | skk, (K, +k, +k,)
‘- ekk, 6 5
_(ekk,)
6




Nonlinear Analysis of Integrated Kinetics and Heat Transfer ... 23

and so on. The differential transformation solution of Cc is given as
Co () =Cg(0)+Cy (Mt +Cy (2t? +Cy B> +C (Mt* +Cx (BI° +Cy (B)t° +...+C (ME"  (43)

The above step by step solutions of the kinetics equations as shown during the analysis of the
solutions presented in Eq. (40)-(44) are correspondingly coupled with the solutions of
differential transformation of the thermal models presented in Eq. (30), (35) and (36). The
coupled equations in differential transformation forms are solved using the initial and the
boundary conditions in Egs. (31), (32) and (34). The solutions are too long to be included in
this paper. However, the results are presented in the following section of results and discussion.

For the purpose of verifying the solution of the differential transformation method, exact
analytical solutions using Laplace transform have been developed for Egs. (1a)-(1d) subject to
isothermal condition as

Cs =Cs, g !t (44a)
k C ((ky+kp+k3)t) —e —&((kg+ks)t)
C=—— 3 } (44b)
(k, +k)— (k + K, +K;)
(1_ e—((k1+k2+k3)t)) (1_ e—(g(k4+k5)t))
ek,ks +
o (1 Cn) (tkorh) ol k)
Ce = - Cop  (440)
(k, +k, +k;) ek, +k5)—(k, +k, +k;)
< COS(,B X )e_(a7+ﬁ2)r i Cos(ﬂ X )e—(“ﬂ'ﬁz)f

IE>Y a+Bi) -2, (L+Biy,)
Blog J| 72| (ay+ B2){cos(B,) +— 2sin(B)} | ™| Bi{(cos B,)+ rsin 5} (444)
y ﬂ A

n n

1 [1oer]- 1 cosh \Jay X
Bi,, Bipno B| cosh\/7+\/73|nh\/7

Also, using integral transforms, the analytical solution for the linearized form of the thermal
model of the rectangular shaped particle where the outer boundary of the biomass particle is
subjected to a linearized form of convective and radiative heat transfer is given as

» (1_6—((k1+k2+k3)t)) (1_e—(g(k4+k5)t))
KKy

k, (1— ef((kﬁkﬁks)t)) ’ (kl +k, + k3) " e(k, +ks)

CG = - CBo
(k1+k2+k3) 8(k4+k5)—(k1+k2+k3)

(45)

where B are the roots of equation
Bi,, COS(/3,) + /3, Sin(/3,) =0

while the cylindrical shaped-particle, the analytical solution for the temperature distribution is
given as
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&, {@d(B)+ BB +a)} 3, (B.R) ()}
{éﬁ“ B +an)Bi+ ) 3B

0=2 (46)
_i ﬂn{aJl(ﬂn)}‘]O(ﬂn R)
| =SB +aA)(Bin + )35 (8,) |

where f, are the roots of the equation

J, (B, ){ } +J,(8,)Bi, [0]: =0 for for B >0

OR |z,
and Jy(n),Jo(nB) and J,(n) are the Bessel functions of first kind and are given by:
S G =)"(n2)™" S G
WP = ZO 2°"mIn(m+1)’ ()= Z:22”1m|1“(m +1)’ hA) = Z:O 2°"m!IT(m+2)
And the spherical shaped-particle temperature distribution model is developed as
- sin(B R)e (@)
| (@h+ B (cos B om}-sin B}
B,
2
0= Bi, (47)
- H —(aA+f2)r
) —(}t+1)z sin(f, R)e
"2\ Bi{(cos B, ){ r”} sin 3.}
—i_[1—(,1+1)e-““]+ 2sin ““_ AR
Bi, JaA coshai +(Bi,, —1)sinhal

where f3,, are the roots of equation

p, cos(4,) +Bi,sin(4,) =0
and
_ Qol—2 T L 3 2 2 3 _
a—m,BlmO—E[h+o—g(T +T T2 +TT+T7 | ay =Q(T, -T,)

B

CAhAe Rl

Q= ZC AhAe W +ZCTAhAe , Q= Z —1_C,AhAe W +Z

0
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Table (1), (2), (3) and (4) present the parameters used for the simulation of the kinetic and heat transfer

models.

Table 1 Operational properties of differential transformation method

S/N Function Differential transform

Folu®) () U(p)£V(p)

i | au(t) aJ(p)

G | du() (p+)U(p+I)

dt X

Vv ;V (NU(p-r)

e >UTH U (p-1)
d"u(t) =

i | OX" (p+1)(p+2)--(p+n)U(p+n)
sin(wt + ) —pS|n(ﬂ—p+aJ

viii P 2!
cos(wt o’ zp

(et+a) Z(p):acos(?+aJ

Table 2 Values of the Parameters employed in this study

S/N  Parameter Description Symbol Value used Source
1 Bulk density of wood P 650K g/m’ [22]
2 Thermal conductivity of wood K 0.1256 W/mK [1]
3 Initial thermal diffusivity of wood a 1.79x10"m?%/s [21]
4 Initial temperature of wood To 303K [1]
5 Half length of the particle L 0.003m [22]
6 Convective heat transfer co-efficient h 8.4W/m*k [1]
7 Reactor final temperature T¢ 643K [22]
8 Porosity of the wood particle € 0.4 [24]
9 Apparent activation energy A 3000/s [1]
11 Modified Biot number Bim 0.82-1.22 Estimated
12 Specific heat capacity of wood G 1670J/KgK [1]
13 Emissivity of wood € 0.95 [1]
14  Stefan-Boltzmann constant c 5.67x10°W/m?K*  [74]
15  Wood concentration C 650K g/m? [22]
Table 3 Kinetic constants used in the simulations

i Reaction Ai(s) Ei(kJ/mol) Source

1 Biomass—Gas 1.3x108 140 [11]

2 Biomass—Tar 2.0x108 133 [11]

3 Biomass—Char  1.08x107 121 [11]

4 Tar—Gas 4.28x10° 107 [58]

5 Tar—Char 1.0x10° 107 [58]
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Table 4 Change in enthalpy values used in the simulations

i Reaction Ahi (kJ/kg) Source
1 Biomass—Gas -418.0 [11]
2 Biomass—Tar -418.0 [11]
3 Biomass—Char -418.0 [11]
4 Tar—Gas 42.0 [12]
5 Tar—Char 42.0 [12]

Table 5 Comparison of Results

Temperature
Jalan and Babu and
Pyle and Srivasta's Chaurasia's
Zaror (Exp) model model The Present
Time [1] [21] [23] model

0 303 303 303 303
20 397 387 400 398
40 493 478 493 493
60 541 533 552 550
80 581 574 588 586
100 609 602 610 609
150 641 630 634 636
200 648 639 640 643

4 Results and Discussion

Table (5) shows the comparison of the results in the previous works and the present work. It is
found that the models developed in the present study are in excellent agreement with the
experimental results and the numerical solutions of the previous works.

4.1 Effects of isothermal heating temperature on pyrolysis yields.

According to the two-stage parallel reaction model used in this work, as the pyrolysis zone
temperature increases, the biomass undergoes thermal degradation according to primary
reactions giving gas, tar and char as products. Tar also undergoes secondary reactions to give
gas and char. Since the amounts of each of these products vary depending mainly on the zone
temperature, the influences of heating conditions on the particle residence time and pyrolysis
yield are studied using the differential transformation method.

Figs. (4-17) show the effects of isothermal heating temperatures on the particle resident time.
Also, the figures demonstrate the agreement between the exact analytical solutions and the
approximate analytical solutions developed by using differential transformation method.
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Figs. (18-21) show the effects of isothermal heating temperature (where the pyrolysis
temperature maintains a selected constant temperature in a pyrolyzing chamber) on the
pyrolysis yield. It should be noted that the results are shown in dimensional forms so as to
establish the approximated temperatures at which the various pyrolysis products are formed.
From the results, thermal decomposition takes more time at temperature of 473 K and 573 K
than that of higher isothermal heating temperature for the biomass particle of the same size. The
figures clearly depict that low temperature pyrolysis produces more char and high temperature
pyrolysis enhances the production of gas and tar, i.e. an increase in the isothermal heating
temperature increases the yield of gaseous products and the decreases char production. The
reduced production of tar and gas at low isothermal heating temperature may be due to some
resistances to mass or heat transfer inside the particles of the biomass which can be broken by
high heating temperature thereby resulting in greater primary decomposition of the sample and
higher production of gas and tar at the higher temperature. In each case of the isothermal
heating, as the pyrolysis reaches completion, the char production becomes constant.

Also, the results show that the tar rate yield increases first and then decreases and the gas yield
increases as the pyrolysis temperature increases, but the char yield significantly decreases as
the isothermal temperature increases to 573K and 673K.
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The decrease in the tar yield and sudden increase of gas yield observed at higher temperature
may be due to secondary cracking of the pyrolysis liquid in to gaseous product at higher
temperature. It could also be deduced from the results that the time required to obtain a certain
conversion level decreases with increasing isothermal heating temperature. The trends obtained
in this work as shown above are qualitatively the same as reported in literature [24] and [25].

4.2 Effects of non-isothermal heating rates on biomass pyrolysis yields

As pointed out in the previous section, heating rate is one of the important parameter for the
yield of different products from the pyrolysis process. To determine the effects of heating rate
on the yields of the biomass pyrolysis, simulations were carried out for different heating rates
of as shown in Figs. (22-37). The effects of non-isothermal temperature on pyrolysis yields as
functions of time are shown in Figs. (22-33) while Figs. (34-37) show the effects of non-
1sothermal temperature on pyrolysis yields as a function of temperature at an initial particle
temperature of 373 K. From the figures, the drying or pre-pyrolysis process are shown as zero
rate of production and conversion of the products from 0-120 s and 303-473 K which validates
the fact that pyrolysis process actually commenced at about 473K as stated in literatures [25].
It is surprising to see that at any heating rate, the production rate of char is higher than that of
tar and gas. This may be due to the increase in the resistance for mass and heat transfers offered
by the thick layer of the dried biomass i.e. for the gas and tar to evolve from the particle, they
have to travel through a dried layer of the biomass which in consequence, comparably reduces
their production rates. Also, it should be noted that increasing the heating rates reduces the
particle residence time and as the heating rate are increased, the residence time of volatiles at
low or intermediate temperatures decreases. Most of the reactions that favour tar conversion to
gas occur at higher temperatures. At low heating rates, the volatiles have sufficient time to
escape from the reaction zone before significant cracking can occur.

Also, most of the decomposition takes place at temperatures lower than 500 K, and no more
significant decomposition is produced above 750 K. On comparing these results with that of
isothermal heating conditions, it is shown that the amount of char produced in the non-
isothermal heating conditions is lower than in the isothermal heating conditions.

This is because the isothermal conditions were carried out at relative low temperature and the
residual solid contains compounds that evaporate at higher temperatures. The tar yield was low
at lower heating rate and slightly increases with increase in heating rate.

The gas yield increases with increase in heating rate while the char yield decreases significantly
with increase in heating rate.
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The increasing of the tar yield with the increase of heating rate may be due to some resistances
to mass or heat transfer inside the particles of the biomass, but increasing the heating rate breaks
the heat and mass transfer limitation in the pyrolysis and thereby increasing the tar yield and
decreasing char formation.
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From the Figs (34-37), the rate of char production increases gradually between the particle
temperatures of 500 K and 573 K. As the particle temperature increases, gases and tar evolve
from the biomass particle and consequently, the rate of char production increases rapidly from
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the particle temperature of 500 K to 723 K, after which there is a decrease in the production
rate of char (due to the loss of H and O contents of the char at high temperatures) till the whole
wood has been pyrolyzed. This shows that pyrolysis process is slowed down from 723-873 K
(depending on the heating rates). It could also be inferred from the results that the primary
pyrolysis rate of tar production starts gradually from about 573 K till 753 K (depending on the
heating rates) and then increases rapidly till the whole tar has been converted to char and gas at
the final pyrolysis temperature. The extension of the rate-temperature figure to the negative
portion of the graph depicts the conversion rate of tar to char and gas.

4.3 Effects of heating rates on particle residence time

The criteria for characterizing fast pyrolysis based on temperature and heating rate of solid
particles that undergoes a thermal decomposition has been advocated by Lédé and Authier [32].
The effects of heating rates on the particle residence time are shown in Figs. (38-41).

For the low heating rates of 0.01-0.1K/s in Figs. (38), it takes hours or days for the pyrolysis to
occur and this will definitely enhance the production of charcoal as depicted in Table (6).
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Table 6 Pyrolysis conditions for different pyrolysis technologies

Pyrolysis technology Residence time  Heating rate Temperature (°C) Product
Carbonization days very low 400 charcoal
Conventional 5-30 min low 600 oil, gas, char
Fast 0.5-5s very high 650 bio-oil
Flash-liquid <lIs high <650 bio-oil
Flash-gas <ls high <650 chemicals, gas
Ultra <0.5s very high 1000 chemicals, gas
Vacuum 2-30's medium 400 bio-oil
Hydro-pyrolysis <10s high <500 bio-oil
Conventional <10s high <700 chemicals

The figures show that as the heating rates increases, the particle residence time in the reactor
decreases and high heating rates favours the production of tar and gas. Therefore, as shown in
the table, the length of heating and its intensity affect the rate and extent of pyrolysis reactions,
the sequence of these reactions, and composition of the resultant products. Fig. (38-42)
indicated the quantitative values of heating rates and residence time for different pyrolysis
products. Such data as these are rarely found in open literatures.

4.4 Effects of particle shape, particle size and Biot number on biomass pyrolysis temperature

Fig. (43) shows the effects of particle shape on the biomass pyrolysis temperature. From the
results in Fig. (43), it could be inferred that the spherical particles react most quickly compared
to other particles shapes if the characteristics size is taken as the minimum particle dimension.
Although the temperature profiles of the three shapes follow the same trend, the pyrolysis
process is fastest in spherical particle and slowest in rectangular particle as depicted in the
figure. This is because, from the geometrical point of view, the spherical particle has higher
surface-area-to-volume ratio which consequently gives it more absorbing capacity than the
cylindrical and rectangular particles. Since the sphericity of particle has significant effects on
the pyrolysis process, for an effective and efficient performance of biomass gasifier and for
optimal yield, a spherical particle should be used.
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Fig. (44) shows the effects of the modified Biot number on the temperature histories. From the
results, as the modified Biot number decreases, the temperature history at the center of the
thermally thick particle increases. This shows that the temperature history is favoured at values
of the modified Biot number less than 1 since more heat is needed to be conducted within the
particle to enhance the pyrolysis of the biomass particle than the heat being convected and
radiated to the particle surface. Fig. (45) depicts the temperature profiles as predicted with the
experimental results and the numerical results of the previous work. From the figure, it could
be established that good agreements are obtained between the experimental result and the
analytical results predicted in this work.

Also, Fig. (46) shows the comparison of the temperature histories between the experimental
results, results of the previous models and the results predicted by the developed closed form
solution in this work. The experimental data results were obtained from the work of Pyle and
Zaror [1], and the previous theoretical results obtained through numerical solutions by Jalan
and Srivastava [21] and Babu and Chaurasia [23] at the centre of the cylindrical pellet.

It could be seen from the Fig. (44) that as the Biot number decreases, the model becomes an
increasingly good predictor. The model is adequate at Bi, less than 1 which shows almost
indistinguishable results from the experimental results of Pyle and Zaror. The region of the
validity of the model is defined by the value of Biot number that is less than 1. It was found
that the models developed in the present study are in excellent agreement with the experimental
data and in the region of validity it presents better results in agreement with the experimental
results than the other developed model as it shown in Table (5).

Fig. (47) shows the temperature history of the particle at different locations in the particle of
half thickness 0.01 m when there is convective and radiative heat transfer at the surface of the
particle. From the figure, it shows that it takes about 700 Sec for the pyrolysis final temperature
to be reached.

Fig. (48) shows the temperature profile of the particle at different time interval when there is
convective and radiative heat transfer at the surface of the particle of half thickness 0.01 m.
From the figure, it shows that the higher the particle residence time in the reactor, the higher
the particle temperature.

Fig. (49) shows the temperature history of the particle of half thickness 0.003 m when constant
temperature is applied to the surface of the slab/chip.
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From the figure, it is observed that as the constant wall temperature increased, the pyrolysis
final time decreased i.e. the pyrolysis time is completed faster. Fig. (50) shows the temperature
profiles at various time intervals of the particle of half thickness 0.005 m when constant
temperature of 600 K is applied to the surface of the slab/chip. From the figure, it shows that
the longer the pyrolysis time applied to the surface of the particle, the higher the pyrolysis
temperature.

7 Conclusion

In this work, differential transformation method has been used to develop analytical solutions
of integrated kinetic and heat transfer models of pyrolysis of biomass particles. The results from
the analytical models were shown to be in good agreements with the reported experimental and
numerical results in literature. The analytical models were used to investigate the effects of
heating conditions, heat of reaction, convective and radiative heat transfer, particle sizes and
shapes and boundary conditions on the pyrolysis of a biomass particle. The work has a lot of
practical importance and physical significance in industrial pyrolysis applications and in the
design of biomass gasifiers, reactors etc.

Also, the findings of the work show that simple kinetic and heat transfer models of the pyrolysis
are generally adequate especially in the slow pyrolysis of biomass particle.
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Nomenclature

Ay A A3 As; As  frequency factor, 1/s

Bim Modified Biot number

C concentration, kg/m?

C, specific heat capacity, J/kgK

E activation energy, J/mol

h  convective heat transfer coefficient, W/m? K
K thermal conductivity, W/mK

ki, ko, k3, kg ks rate constants, 1/s

Q heat of pyrolysis, J/Kg
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r radial distance, m

R radius for cylindrical particle, m
Rg universal gas constant, J/mol

t time,s

T¢ reactor final temperature, K

T temperature, K

R’ dimensionless radial distance

Greek letters

p Bulk density of wood, Kg/m?

po Ultimate density of wood, Kg/m?
T dimensionless time

0 dimensionless temperature

€ emissivity coefficient

¢ void fraction of particle

o Stefan Boltzmann constant, W/m? K*
o Heat of reaction number

Subscripts

B virgin biomass
G gases

char

tar

gas

initial

final

o QHNO
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