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Abstract 

 
 

A theoretical and experimental study of pyrolysis of charring material applicable to fire 

safety and biomass utilization is presented in this thesis. This work is divided into three 

parts. 

In the first part, thermal decomposition and pressure generation in charring solids 

undergoing opposed-flow flame spread is numerically studied with a detailed physics-

based model. The result indicates that the char density and product yields are functions of 

depth due to an insulating char layer. The characteristics of various simplifying model 

assumptions such as global reaction, infinite rate kinetics and no convective gas transport 

were examined.  

In the second part, a method of determining the pyrolysis temperature by enforcing mass 

and energy balance is proposed and validated by comparison with the decomposition 

kinetics model and the experiments. This pyrolysis temperature has the form of pyrolysis 

rate weighted average temperature for the entire charring process. Heat flux, sample size, 

heat of pyrolysis and kinetic parameters are the most important for determining an 

appropriate pyrolysis temperature. A non-dimensional correlation to determine an 

appropriate  was proposed. Excellent agreement between the pyrolysis front model 

using the correlation and experimental data of wood cylinder pyrolysis was achieved.  

Finally, pyrolysis of wood sphere is studied both experimentally and theoretically. 

Weight loss and temperatures of the sample were measured during the experiments. 



xviii 

Center temperature showed two distinct thermal behaviors with endothermic and 

exothermic reactions. The numerical study revealed the following findings: (i) 

Contribution of secondary tar decomposition and lignin decomposition to the temperature 

peak are small. (ii) Exothermic intermediate solid decomposition is responsible for the 

temperature peak. (iii) The temperature plateau is caused by endothermic cellulose 

decomposition. Based on the experimental and numerical results, a novel wood pyrolysis 

model is proposed. The model consists of three endothermic parallel reactions producing 

tar, gas and intermediate solid, followed by exothermic intermediate solid conversion to 

char and exothermic tar decomposition to char and gas.  

A three-dimensional pyrolysis model for arbitrary geometry charring material was 

developed using front tracking method. The model was applied for wood sphere pyrolysis 

analysis and validated by comparison with the one-dimensional model.  
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Chapter 1 

Introduction 

1.1 Background  

Wood and other forms of biomass have served as major fuels for thousands of years since 

mankind first began to use fire for heating and cooking. Recently, interest in biomass 

utilization has increased owing to growing concern over the depletion of fossil fuels and 

global warming caused by greenhouse gas production from fossil fuel combustion. 

Biomass fuels, by contrast, are CO2 neutral as they are derived from fixing atmospheric 

CO2 by green plants photosynthesis, so their use does not add to the levels of atmospheric 

carbon. (E.C.) 

In December 2007, the U.S. government passed a broad energy law to combat global 

warming and reduce U.S. dependence on imported oil. The law calls for production of 36 

billion gallons of renewable fuel by 2022. That includes corn-based ethanol, biodiesel 

from products such as soybeans and cellulosic fuels from switch grass, wood chips and 

other sources.  

Currently, corn based ethanol is the dominant bio-fuel produced in the U.S. However, 

bio-fuel production from food crops such as corn and soybeans is drawing controversy 

because of the impact on the price of agricultural products including grain crops and even 

non-food crops such as cotton as U.S. growers switch to more lucrative grain crops. 

(Kirchhoff 2007) Also, growing crops and processing them to bio-oil consume significant 

amount of energy from coal and other fossil fuels, which bring into question the benefit 

of corn-based ethanol as bio-fuel. 

Bridgewater et al. pointed out that biomass is the only source of renewable liquid, 

gaseous and solid fuels and can be utilized in several ways; direct combustion to produce 

heat, gasification for fuel gas and fast pyrolysis for liquid bio-fuel or commodity 

chemicals. Among these biomass utilizing methods, fast pyrolysis is gaining the most 
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interest because its liquid products can be easily transported and stored for effective 

utilization. (Bridgwater et al. 1999) 

The abundance of biomass positions it as the most important renewable energy source in 

the U.S.  Forestlands in the contiguous United States can produce about 368 million dry 

tons of sustainably removable biomass annually. The energy contained in the reported 

amount of biomass is equivalent to 87 billion gallons of ethanol, which is 22 times the 

amount of U.S. ethanol production in 2005. The total amount of biomass consists of 52 

million dry tons of fuel wood harvested from forests, 145 million dry tons of residues 

from wood processing mills and pulp and paper mills, 47 million dry tons of urban wood 

residues including construction and demolition debris, 64 million dry tons of residues 

from logging and site clearing operations, and 60 million dry tons of biomass from fuel 

treatment operations to reduce fire hazards. (Perlack et al. 2005) 

 

Wood is a construction material that poses considerable building fire hazard. As wood 

structure is widely used for building construction, understanding of charring material 

pyrolysis is important from the standpoint of fire protection technology. The U.S. 

National Fire Protection Association reported that during 2006, 524,000 fires occurred in 

structures (mostly buildings) and 79% of them occurred in residential properties which 

resulted in 2,580 civilian fire deaths and 7 billion dollars of residential property loss. The 

total property damage that occurred in structure fires come to 9.6 billion dollars. In 

addition, 82,500 fires occurred as outside fires such as outside storage, crops, timbers, etc. 

and caused 262 million dollars in loss. (Karter 2007) 

 

1.2 General features of wood pyrolysis 

Wood, a representative charring material, is a complex mixture of natural polymers of 

high molecular weight, mainly cellulose (~50%), hemicellulose (~25%) and lignin 

(~25%). Each component decomposes to release volatiles at different temperatures; 

typically, hemicellulose 200~260℃, cellulose 240~350℃, lignin 280~500℃ (Drysdale 

1999). The main products of wood pyrolysis are volatile products and char. In general, 

the volatile products are categorized into ‘tar’ which contains the combustible volatiles 
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and has low volatility, and ‘gas’ which consists of mainly CO, H2 and CO2. These 

volatile products may either burn in a fire or be collected for commercial products such 

as bio-fuels. Pyrolysis condition has significant influence on the composition of pyrolysis 

products which, in turn, affect the liquid bio-fuel and combustion characteristics of a 

wood fire.  

 

 

Figure 1.1 Pyrolysis of one dimensional wood slab, (Atreya 1983) 

 

Figure 1.1 shows the schematic diagram of pyrolysis of a one-dimensional thick wood 

slab which is initially at the ambient temperature, T∞. When the external heat flux is 

applied, the surface temperature begins to rise and heat is transported inside the slab by 

thermal conduction. When the temperature reaches the pyrolysis point, the wood begins 

to decompose from the surface. Then, the pyrolysis zone moves into deeper region of the 

slab leaving a char layer behind. Volatile products flow out to the surface is driven by the 

pressure gradient due to pressure generated at pyrolysis zone. The pressure peak seems to 

be located at the leading edge of the pyrolysis zone. Small portions of volatile products 

are believed to flow down into the slab ahead of the pyrolysis zone and to be condensed 

by the pressure gradient ahead of the pressure peak. However, the amount of volatile 

x 

T∞ Tsρf 

ρw

T(x,t) 

ρ(x,t)

Externally Applied Heat Flux “F” 
Convective Heat Losses  h(Ts - T∞)
Re-radiative Heat Losses  eσ(Ts

4 - T∞
4)

a. Char with gases flowing through 

b. Pyrolysis zone 

c. Volatile condensation zone 

d. Virgin wood 
0=

∂
∂

x
T
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condensation is expected to be much smaller than that of flow out to the surface, because 

the permeability of the char layer is significantly greater than that of unpyrolyzed wood 

material. As the thickness of the char layer increases, fine cracks begin to appear on the 

surface. These cracks abruptly decrease the flow resistance in the char layer and have a 

significant effect on the pyrolysis.  

 

1.3 Pyrolysis modeling 

There has been extensive research into understanding the pyrolysis mechanism of 

charring material from both standpoints of liquid bio-fuel production and fire safety.  

Recently, numerical modeling has been widely used to predict the behavior of the 

charring material pyrolysis. Pyrolysis modeling of charring material (biomass or wood) 

deals with complex transient phenomenon involving chemical reactions, moisture drying 

and heat and mass transport processes. 

Most charring material pyrolysis models can be categorized into an analytical model, 

integral model and PDE (partial differential equation) model based on the solution 

approach. Analytical models can be solved mathematically for the exact solution based 

on various simplifying assumptions such as infinite rate kinetics and no volatiles 

convection.  

Atreya and Baum developed analytical models for opposed flow flame spread on charring 

material.(Atreya and Baum 2002; Baum and Atreya 2007). Stagges obtained an exact 

solution for isothermal conditions in the char (Staggs 2003).  

 

The integral model assumes a temperature profile inside the solid and infinite rate 

kinetics, so the complicated pyrolysis problem is simplified to an ODE (ordinary 

differential equation) of time. Although the integral model still needs to be numerically 

solved, the computational effort to solve the ODE problem is significantly smaller than a 

PDE problem. Staggs developed a pyrolysis model of char forming and filled polymers 

using the integral method with a quadratic temperature profile (Staggs 2000). Moghtaderi 

developed an integral pyrolysis model for char forming solid and non-charring 

thermoplastic materials as a sub-model of CFD fire code (Moghtaderi 1997). Spearpoint 
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and Quintiere developed a pyrolysis model with the integral method for semi-infinite 

charring solid using a linear temperature profile in char and a quadratic temperature 

profile in virgin wood (Spearpoint et al. 2000). Chen et al. used exponentially decaying 

temperature profiles in the virgin and char layers for the integral model (Chen 1993). 

Galgano et al. utilized the integral method for a wood cylinder pyrolysis model. (Galgano 

et al. 2003; Galgano et al. 2004).  

Comprehensive pyrolysis models which cover most physics of biomass pyrolysis are 

expressed as PDE’s of space and time. Many comprehensive pyrolysis models utilize 

Arrhenius reaction type finite rate kinetics. Therefore, they can only be solved 

numerically. Kansa et al. developed a one-dimensional model considering volatile 

products transport equation by Darcy’s law and single step global Arrhenius pyrolysis 

reaction. (Kansa et al. 1977) Their model showed good agreement with experimental 

results at low level intensity heat fluxes, but poor agreement at fire level intensity heat 

fluxes because structural change effect and secondary pyrolysis reaction were not taken 

into account. Chan investigated pyrolysis products distribution of a wood pellet 

depending on the pyrolysis conditions using three parallel primary reactions (wood -> 

char, wood -> 1st tar and wood -> 1st gas), and a moisture evaporation and secondary 

reaction (1st tar-> 2nd tar and 2nd gas). (Chan 1983)  Bellais et al. examined several 

shrinkage models for wood cylinder pyrolysis. (Bellais et al. 2003)  They reported that 

the predictions showed a better agreement for high temperature cases rather than low 

temperature cases; however, the shrinkage effect was small compared to experimental 

error range on mass loss.  

Bryden et al. summarized the general features of numerical biomass pyrolysis models 

which have been developed by several researchers. (Bryden et al. 2002) (i) Most of the 

models are based on one dimensional energy and mass conservation equations with the 

assumption of local thermal equilibrium between gas and solids. (ii) For mass transfer, 

only gas phase flow is considered; the effects of diffusion and liquid phase flow are 

generally neglected. (iii) The particle is assumed as a porous media with inside flow 

following Darcy’s law. (iv) Pyrolysis kinetics is modeled as multiple, competing two-step 

reactions. Each reaction rate is described by a 1st order Arrhenius function with 

temperature. The first step reactions are decomposition of biomass material to tar, gas 
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and char. For these competing parallel reactions, each reaction rate is dependent on 

reaction conditions. The second step reaction is mainly tar cracking into gas and char. 

This reaction depends on temperature, heating rate and tar residence time in the particle. 

Generally, for small particles, the second step reaction is very small compared to the first 

step due to very short tar residence time in the particle. However, in the case of a biomass 

reactor, tar cracking occurs outside the particle and tar residence time in the reactor is 

significantly larger than that in the particle; therefore, the second step reaction becomes a 

very important factor to determine the pyrolysis products yields. (Di Blasi 2002)  

 

1.4 Kinetics  

Various kinetics schemes have been developed to describe charring material 

decomposition rate. From the standpoint of reaction rate, kinetics schemes are classified 

into two types: finite rate kinetics and infinite rate kinetics. The finite rate kinetics 

scheme is widely used for comprehensive PDE type pyrolysis models. A 1st order 

Arrhenius reaction scheme is most often adapted for finite rate kinetics of solid and 

volatiles decomposition. The infinite rate kinetics scheme assumes pyrolysis occurs at a 

fixed temperature. This simplification eliminates complicated chemical reactions in the 

pyrolysis model, which only deals with thermal processes. The infinite rate kinetics 

scheme is widely adapted in integral models and analytical models for this advantage.  

Finite rate kinetics schemes vary in complexity from single step global reaction to multi-

step parallel reactions.  

In the single step global reaction scheme, the virgin solid is decomposed to char and 

volatiles. The yield ratio between char and volatiles is predetermined. 

 

 
 

In the single step parallel reaction schemes, products are generated by competing 

reactions. Thus, product yields depend on pyrolysis conditions which affect the reaction 

rates.  

Virgin solid (1-γ) Volatiles + γ Char
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In the multi-step parallel reaction scheme, the decomposition of tar is determined in the 

second step. 

 
For most pyrolysis models, wood is regarded as a homogeneous virgin solid for 

simplicity. A different approach is regarding wood as a mixture of hemicelluloses, 

cellulose and lignin. Each component decomposes independently. Parker measured 

kinetic parameters and heat of combustion of cellulose, xylan, mannan and lignin using 

PYROCAT (pyrolyzer and catalytic converter). (Parker 1988)  Xylan and mannan are 

major components of hemicellulose. The calculated mass loss rate of the mixture of four 

components did not show good agreement with the measurement. He attributed the 

discrepancy to the chemical structure difference between the commercially prepared 

xylan and mannan and those present in wood. Svenson et al. obtained kinetic parameters 

for cellulose, birch hemicelluloses and birch lignin in a single particle reactor. (Svenson 

et al. 2004) Calculation of model birch which are the sum of three components showed 

good agreement with birch pyrolysis experiments above 400℃. However, there was a 

large difference of mass loss between calculation and measurement below 400℃.  

 

1.5 Outline of this thesis  

This thesis presents a theoretical and experimental study of pyrolysis of charring material 

applicable to fire safety and biomass utilization. This work is divided into three parts: (i) 

numerical study of thermal decomposition and pressure generation in charring solids 
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undergoing opposed-flow flame spread (Park et al. 2007), (ii) determination of pyrolysis 

temperature for charring materials (Park et al. 2008), and (iii) experimental and 

theoretical investigation of wood pyrolysis. In addition to the three major subjects, 

development of a three dimensional arbitrary geometry pyrolysis model is presented. 

 

1.5.1 Charring solids undergoing opposed flow flame spread  

Opposed-flow flame spread over solid fuel has been of interest among fire researchers 

because it is an important phenomenon in fire situations such as downward or horizontal 

flame spread against buoyancy induced air flow.  

Extensive research has been conducted on flame spread on vaporizing material such as 

PMMA (polymethylmethacrylate). De Ris developed a model of flame spread over 

vaporizing material. (De Ris 1969) Fernandez-Pello et al. experimentally investigated 

flame spread over PMMA cylinder of various diameters. (Fernandez-Pello et al. 1978; 

Fernandez-Pello et al. 1978)  Delichatsios developed an exact solution for opposed flow 

flame spread over thermally thin materials. (Delichatsios 1986).  

Little research has been conducted on flame spread over charring material due to its 

complexity. Di Blasi numerically investigated flame spread rate over cellulosic slabs with 

various thickness (Di Blasi 1994; Di Blasi 1995). Most previous flame spread research 

has been focused on interaction between gas phase phenomena and solid fuel. The 

process of gaseous fuel generation inside charring material is more complicated than 

vaporizing solid fuel. For this reason, better understanding of more detailed physics of 

charring material is needed. Atreya and Baum developed analytical models for opposed 

flow flame spread over a charring solid based on simplifying assumptions. (Atreya et al. 

2002; Baum et al. 2005).  

In chapter 2, thermal decomposition and pressure generation in charring solids 

undergoing opposed-flow flame spread has been numerically studied with a detailed 

physics-based model. Numerical results indicate that the char density and product yields 

are functions of depth due to an insulating char layer. In addition, the characteristics of 

various simplifying assumptions such as global reaction, infinite rate kinetics and no 

convective gas transport have been investigated.  
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1.5.2 Determination of pyrolysis temperature 

In order to simplify the complicated chemical reactions of pyrolysis modeling, pyrolysis 

front models (infinite rate kinetics models) assume that pyrolysis occurs abruptly at a 

predetermined constant temperature called ‘pyrolysis temperature, pT ’. Thus, pT  is a 

critical parameter in the pyrolysis front model because it characterizes the entire pyrolysis 

process. Nevertheless, relatively less attention has been devoted to determining pT  than 

to developing the model itself.  

In chapter 3, an energy and mass balanced method of determining pT  is proposed. The 

concept is to find pT  that consumes the same amount of energy to produce the same 

amount of mass when using the pyrolysis front model as when using finite rate kinetics 

models for the entire charring process. The resulting pT  has the form of pyrolysis rate 

weighted average temperature. Extensive numerical studies on various factors influencing 

the charring material pyrolysis show that heat flux, sample size, heat of decomposition 

and kinetic parameters are the most important factors for determining an appropriate 

pyrolysis temperature. For practical application, a non-dimensional correlation is 

developed to determine the appropriate pyrolysis temperature without solving the 

problem by using finite rate models. 

 

1.5.3 Experimental and theoretical investigation of wood pyrolysis 

For several decades, many models have been developed to predict pyrolysis rate and 

product yields. From the standpoint of thermal mechanism, they regard the reactions as 

either endothermic or exothermic processes; however, the actual thermal behavior of 

wood pyrolysis is more complicated.  

Several researchers reported that both endothermic and exothermic reactions appeared 

during wood pyrolysis experiments. (Koufopanos et al. 1991; Bilbao et al. 1996; 

Milosavljevic et al. 1996; Di Blasi et al. 2001; Strezov et al. 2003) This was also 

observed in the experiments conducted for this work. 
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In chapter 4, investigation of wood pyrolysis is conducted by wood sphere pyrolysis 

experiments and theoretical model analysis emphasizing thermal behaviors. Based on the 

results, a novel pyrolysis model for wood pyrolysis is proposed.  

 

1.5.4 Three dimensional pyrolysis model for arbitrary geometry 

charring material 

The shape and size of feed stock for a biomass reactor are also important variables which 

need to be optimized as well as temperature and feeding rate. In chapter 5, a three 

dimensional pyrolysis model for arbitrary geometry charring material is presented. 

Arbitrary geometry of charring material is rendered by the front tracking method based 

on finite difference method. The model is also useful for the analysis of various geometry 

wood structure pyrolysis in a fire. 
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Chapter 2  

Charring Solids Undergoing Opposed-flow Flame 

Spread 
   

Thermal decomposition and pressure generation in charring solids undergoing opposed-

flow flame spread have been numerically studied with a detailed physics-based model. 

The physical problem is modeled as a steady state two dimensional process including 

three parallel finite rate reactions and volatiles convection. Local thermal equilibrium is 

assumed between char matrix and volatiles. For pressure calculation, the volatiles are 

assumed to follow the ideal gas law and Darcy’s law. Numerical results indicate that the 

char density and product yields are functions of depth due to an insulating char layer. In 

addition, the characteristics of various simplifying assumptions such as global reaction, 

infinite rate kinetics and no convective gas transport have been investigated. The global 

reaction model shows excellent agreement on char layer thickness with the detailed 

model. However, it predicts higher pressure inside the charring solid. The infinite 

reaction rate model shows thicker char layer in the fore region and thinner char layer in 

the downstream region due to constant pyrolysis temperature. Also, it shows lower 

pressure in the char. The simplified energy model predicts thicker char and higher 

pressure than the detailed model.  

 

2.1 Introduction  

Opposed-flow flame spread on a charring solid is one of the major flame spread modes in 

a fire situation such as downward or horizontal flame spread against buoyancy induced 

air flow. Contrary to a vaporizing material, charring solid undergoes complex thermal 

decomposition resulting in an insulating char layer. This solid phase pyrolysis process 
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governs volatile fuel generation and its transport to the flame above the charring solid. 

Numerous studies have been done on the subject of charring material pyrolysis. However, 

most of them focused on unsteady one dimensional geometry models (Galgano et al. 

2003; Staggs 2003) and only a few performed research on the charring process during 

flame spread (Atreya et al. 2002; Baum et al. 2005). Recently, an analytical model for 

opposed flow flame spread over a charring solid was developed by Atreya and Baum 

(Atreya et al. 2002) based on simple assumptions. Their model assumes infinite rate 

kinetics with constant pyrolysis temperature and no gas convective transport. Pressure 

generation inside a charring solid also plays an important role in fuel gas transport and 

structural damage caused by rupture and subsequent breakage of the structure member in 

a fire. Although several models have dealt with pressure in a charring material, pressure 

calculation was primarily used to provide convective gas flow information required for 

the thermal analysis. Few previous works focused on pressure generation during the 

charring process. Fredlund measured pressure inside a wood block during the charring 

process and compared it with his numerical model (Fredlund 1988). Staggs developed a 

mathematical model for pressure in developing chars (Staggs 2003). He derived exact 

solutions for isothermal conditions in the char. Baum et al. developed an analytical model 

for the transport of gases in a charring solid (Baum et al. 2005). This model solves for the 

gas pressure and temperature distributions in the char.  

To prevent huge computational loads or to make the charring problem analytically 

tractable, not all the detailed physical phenomena are accounted for. Simplifications such 

as infinite rate kinetics, global reaction and no convective gas transport have been widely 

used in charring models. Since these simplifications inevitably affect the accuracy, it is 

important to assess their effects on the result especially when they are applied for fire 

safety applications. Thus, the purposes of this study are: (1) to numerically investigate the 

charring behavior and pressure generation in a charring solid during flame spread taking 

account of detailed physical processes, and (2) to assess the characteristics of simplified 

models by means of comparison with the detailed model. 
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2.2 Mathematical modeling  

The schematic diagram of the physical problem is illustrated in Figure 2.1. Constant 

speed flame spread on the top surface of a semi-infinite charring material is considered. 

A thin flame sheet which stretches from the flame inception point to downstream of the 

wind blowing over the charring material advances against the wind direction at the 

constant speed fsV . The origin of coordinates is fixed to the flame foot to render the flame 

spread as a steady process with the charring solid moving into the flame foot with the 

constant velocity fsV . Heat flux coming from the flame sheet decreases downstream due 

to increasing distance between the flame sheet and char surface. On the other hand, heat 

conduction into the char decreases downstream as the char thickness increases. From 

these observations, it is reasonable to assume a constant temperature of the burning char 

surface ( )0, 0x y> = . According to Atreya (Atreya 1983), the heat exchange between 

the gas phase and the solid phase across the upstream surface ( )0, 0x y< =  is small. 

Therefore, adiabatic condition for upstream and constant surface temperature for 

downstream are used as the charring solid surface boundary conditions. For pressure, 

ambient pressure boundary condition is applied at the surface. 

 

 
 

Figure 2.1 Schematic of the physical problem: steady propagation of an opposed-
flow diffusion flame on the surface of a charring solid 
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 2.2.1 Reaction mechanism 

A three-way parallel finite rate reaction model is used for detailed analysis. A global 

finite rate reaction model and an infinite rate reaction model are used to simulate 

simplified versions of the problem. Kinetic rate constants for finite rate models were 

taken from Di Blasi’s experimental work  on beech wood (Di Blasi et al. 2001).  

For the three-way parallel finite rate reaction model, three primary product classes, which 

are char, tar and gas, are formed by the thermal decomposition of the virgin solid. Tar 

and gas represent condensable volatiles and non-condensable volatiles. Each product 

formation rate is controlled by its kinetic rate constants. (Figure 2.2) 

For the global finite rate reaction model, pyrolysis is modeled as a global decomposition 

reaction.  Primary products are char and volatiles representing the sum of tar and gas. In 

contrast with the parallel reaction model, the product yield ratio between char and 

volatiles needs to be predetermined as ν  for volatiles.  

For the infinite rate reaction model, the charring solid is divided into two zones, char and 

virgin solid. The thermal decomposition of virgin solid occurs abruptly at the interface 

between the two zones. The temperature along the interface is set to the constant 

pyrolysis temperature, pT . 

 
(a) 

        
(b)                                                                     (c) 

Figure 2.2 Kinetics models: (a) Three-way parallel finite rate reaction model, (b) 
Global finite rate reaction model, (c) Infinite rate reaction model 
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2.2.2 Conservation of mass and energy 

The three-way parallel reaction model 

The steady state conservation of mass for each component inside the charring solid is 

described by the following equations. 

Solid phase components: 

( ) ( ) 0a fs t g cV S S Sρ∇• − + + =∑        (2-1) 

( ) 0c fs cV Sρ∇• + =          (2-2)  

The volatiles in pore are assumed to be ideal gases and to follow Darcy’s law.  

( ) 0t t fs t
B P V Sρ ερ
µ

 
∇• ∇ −∇• + = 

 
       (2-3) 

( ) 0g g fs g
B P V Sρ ερ
µ

 
∇• ∇ −∇• + = 

 
      (2-4) 

Where, pressure P  is the sum of partial pressures of tar and gas, t gP P P= + . 

Thermal decomposition kinetics is modeled as a first order Arrhenius reaction. Each 

product generation rate is described as follows: 

t t aS k ρ=           (2-5) 

g g aS k ρ=           (2-6) 

c c aS k ρ=           (2-7) 

tE
RT

t tk A e
−

=           (2-8) 

gE
RT

g gk A e
−

=           (2-9) 

cE
RT

c ck A e
−

=           (2-10) 

The steady state conservation of energy with local thermal equilibrium assumption 

between volatiles and porous solid is described by: 

( ) ( )

( ) ( ) 0

a w c c t t g g fs

t t g g

T C C C C V T

BC C P T Q T

λ ρ ρ ε ρ ρ

ρ ρ
µ

 ∇• ∇ − + + + •∇ 

+ + ∇ •∇ + =
    (2-11) 
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Heat generation ( )Q T  is a function of temperature. When specific heat capacities do not 

vary with temperature, it can be given by: 

( ) ( ) ( ) ( ) ( ) ( )0 0t w t g w g c w c t g cQ T T T S C C S C C S C C h S S S = − − + − + − −∆ + +   (2-12) 

where, 0h∆  is heat of pyrolysis at reference temperature 0T . 

Porosity is defined as a function of solid phase density as follows: 

( )1 1 a c
w

w

ρ ρε ε
ρ
+

= − −             (2-13) 

Viscosity of the volatiles is modeled as a linear function of temperature as: 

p
p

T
T

µ µ=           (2-14) 

Thermal conductivity and permeability are modeled as linearly interpolated between 

virgin solid and char. 

(1 ) w cλ η λ ηλ= − +          (2-15) 

(1 ) w cB B Bη η= − +          (2-16) 

where, degree of pyrolysis  η  is defined as  

 1 a

w

ρη
ρ

= −           (2-17) 

By combining equations (2-3), (2-4) and the equation of state  P RTρ= , the partial 

pressure equations of tar and gas can be obtained as follows: 

0t t
fs t

t

BP P RP V S
T T M

ε
µ

   ∇• ∇ −∇ • + =   
  

      (2-18) 

0g g
fs g

g

BP P RP V S
T T M

ε
µ

   
∇• ∇ −∇ • + =   

   
      (2-19) 

 

The global reaction model 

Virgin solid decomposition rate is modeled as a first order Arrhenius reaction: 

a w aS k ρ= −           (2-20) 

wE
RT

w wk A e
−

=           (2-21) 
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Pressure and energy equations for the global reaction model are described as follows, 

0fs a
v

BP P RP V S
T T M

ε ν
µ

   ∇• ∇ −∇ • − =  
  

      (2-22) 

where, ν  is predetermined volatile fraction factor. 

( ) ( ) ( ) 0a w c c v v fs v v
BT C C C V T C P T Q Tλ ρ ρ ερ ρ
µ

∇• ∇ − + + •∇ + ∇ •∇ + =   (2-23) 

where, heat generation ( )Q T  is given by, 

( ) ( ) ( ) ( )( )( )0 01a v w c wQ T S T T C C C C hν ν= − − + − − +∆       (2-24) 

 

 The infinite rate reaction model 

For the infinite rate model, variables and properties become constant such as c fρ ρ= , 

a wρ ρ= ,   c worε ε ε= ,  c worλ λ λ=  and cB B=  in char or virgin solid. Since volatiles 

are generated along the interface and most of them travel through the char layer to the 

surface, the virgin solid can be modeled as impermeable and the pressure equation is 

solved only inside the char. Thus, the energy equation for virgin solid is reduced from 

equation (2-23) to the following expression: 
2 0w fsT V Tα ∇ − •∇ =          (2-25) 

where, virgin solid thermal diffusivity is ( )/w w w wCα λ ρ= . 

The conservation of energy in char considering volatiles flow is described as follows:  

( )2 0c
c f c c v v fs v v

BT C C V T C P Tλ ρ ε ρ ρ
µ

∇ − + •∇ + ∇ •∇ =     (2-26) 

The Energy balance among conduction heat fluxes for both virgin solid and char and the 

heat of pyrolysis at decomposition temperature, ( )ph T∆  gives the char / virgin solid 

interface condition (Stefan condition). 

( ) 0c w fs w pc w
T T V h Tλ λ ρ∇ − ∇ − ∆ = ;  pT T=      (2-27) 

where, ( ) ( ) ( ) ( )( )0 01p P w v w ch T T T C C C C hν ν∆ = − − + − − + ∆    

Since there is no volatile generation inside the char, equation (2-23) can be reduced as 

follows:  
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0c c
fs

B P PP V
T T

ε
µ

   ∇• ∇ −∇ • =   
  

       (2-28) 

Mass balance at the interface is given by the follow expression: 

( ) c
w f fs x c v fs x v

if

B PV n V n
n

ρ ρ ε ρ ρ
µ
∂

− = +
∂

      (2-29) 

where, xn  is the x -direction component of the interface normal vector n . 

 

The simplified energy model 

By neglecting the convective volatile transport in a charring solid, the energy equation 

does not contain pressure related terms. This approach eliminates the difficulty of solving 

the pressure equation. This simplified energy model is convenient especially when only 

the thermal process is of interest.  

In this model, equations (2-11) and (2-23) reduce as follows:  

( ) ( ) ( ) 0a w c c fsT C C V T Q Tλ ρ ρ∇• ∇ − + •∇ + =      (2-30) 

For pressure analysis, equations (2-18), (2-19) and (2-22) are applied for parallel 

reactions and global reaction mechanisms. 

For infinite rate model, equation (2-26) reduces as below: 
2 0c fsT V Tα ∇ − •∇ =          (2-31) 

where, thermal diffusivity of char ( )/c c f cCα λ ρ= . 

 

2.2.3 Numerical analysis 

The mathematical models presented here were solved by numerical methods based on the 

finite volume method for finite rate reaction models and the finite difference method for 

infinite rate reaction models. Char / virgin solid interface of the infinite rate reaction 

model was found by the front tracking method developed by Jung et al. (Jung 2000; Jung 

et al. 2004) Originally, Jung’s method was developed to track solidifying front of molten 

metal governed by conduction heat transfer. In this study, convection heat transfer terms 

are added to Jung’s model to consider the effects of volatiles flow.  
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Though the problem of interest is steady state, an unsteady time derivative term is added 

to the steady state governing equations. The steady state solution is obtained from initial 

conditions after sufficient time integration.  

The Backward Euler method for time integration is applied for better numerical stability. 

The Implicit point method was used with iterations for each time step. Though 

temperature and pressure equations are strongly coupled to each other, they cannot be 

solved at the same time due to non-linearity. To resolve this problem, temperature and 

pressure equations are solved alternately and iterated to obtain consistency between the 

pressure and temperature at each time step. 

 

2.2.3.1 Discretization of governing equations 

Governing equations are discretized to be numerically solved. Figure 2.3 shows volume / 

node index stencil in space used for the discretization of governing equations. 

 

                           
(a)                                                                 (b) 

Figure 2.3 Volume / node index stencils; (a) control volume index for finite volume 
method, (b) node index for finite difference method 

Discretization of detailed model governing equations for numerical analysis is described 

as follows. Discretized governing equations of simplified models are listed in Appendix 

A to D. 

 

Energy equation 

By adding the unsteady term, equation (2-11) for two dimensions becomes the following; 

i,j
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( )

( )

( ) ( )

a w c c t t g g

a w c c t t g g fs

t t g g

TC C C C
t

T T TC C C C V
x x y y x

B P T P TC C Q T
x x y y

ρ ρ ε ρ ρ

λ λ ρ ρ ε ρ ρ

ρ ρ
µ

∂ + + +  ∂
 ∂ ∂ ∂ ∂ ∂   = + − + + +    ∂ ∂ ∂ ∂ ∂   
 ∂ ∂ ∂ ∂

+ + + + ∂ ∂ ∂ ∂ 

  (2-32) 

Components of equation (2-32) are discretized as below;  

Temperature time derivative: 
1, 1

, ,  
n m n

i j i jT TT
t t

+ + −∂
→

∂ ∆
         (2-33) 

where, n  and 1n +  represent old and new time steps; m  and 1m+  correspond to 

iteration steps. 

Conduction heat transfer: 

( ) ( )1/2, 1, , 1/2, , 1,
2  i j i j i j i j i j i jT T T TT

x x x
λ λ

λ
δ

+ + − −− − −∂ ∂  → ∂ ∂ 
    (2-34) 

( ) ( ), 1/2 , 1 , , 1/2 , , 1
2  i j i j i j i j i j i jT T T TT

y y y
λ λ

λ
δ

+ + − −− − − ∂ ∂
→ ∂ ∂ 

    (2-35) 

where, interface thermal conductivities are calculated as: 

1, ,
1/2,

1, ,

2
  i j i j

i j
i j i j

λ λ
λ

λ λ
+

+
+

=
+

         (2-36) 

, 1 ,
, 1/2

, 1 ,

2
  i j i j

i j
i j i j

λ λ
λ

λ λ
+

+
+

=
+

         (2-37) 

Convection terms are discretized by the upwind scheme to increase stability of the 

solution. (Patankar 1980) 

Convection term by flame spread: 

( )

( )
1, 1 1,

, 1,

,
 

a w c c t t g g fs

n m n m
i j i j

a w c c t t g g fsi j

TC C C C V
x

T T
C C C C V

x

ρ ρ ε ρ ρ

ρ ρ ε ρ ρ
δ

+ + +
−

∂ + + +  ∂
−

 → + + + 

    (2-38) 

Volatiles flow convection terms caused by the pressure gradient:  
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( )

( ) , 1, 1, 1 1,
1, , 1,,

,

1 max ,0 max ,0

t t g g

i j n m n m n m
t t g g i j i j i ji j

i j

B P TC C
x x
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           (2-40) 

where, ( )
          

max ,
          

A for A B
A B

B for A B
>

=  <
. 

Spatial discretizations of pressure:  
1, 1,

1, 1,  
2

n m n m
i j i jP PP
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+ +
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        (2-41) 

1, 1,
, 1 , 1  

2
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i j i jP PP
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+ −−∂

→
∂

        (2-42) 

Finally, the discretized energy equation becomes: 

( )
( ) ( )

( ) ( )

( )

1, 1
, ,

,

1, 1, 1 1, 1 1,
1/2 1, , 1/2 , , 1

2

1, 1, 1 1, 1 1,
1/2 , 1 , 1/2 , , 1

2

,

= 

n m n
i j i j
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    (2-43) 

where, volatile thermal mass flux terms driven by the pressure gradient: 
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After rearrangement, the new time step temperature is obtained by the following equation. 

( )1, 1 1, 1, 1, 1,
, 1, 1, , 1 , 1

1n m n m n m n m n m
i j i j i j i j i jT BT CT DT ET F

A
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Pressure equation  

With the unsteady term added, the tar partial pressure equation (2-18) for char is 

discretized in two dimensions as below: 
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where, inter-node volatile mass flux terms are: 
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After rearrangement, the new time step tar partial pressure is obtained by the following 

equation. 

( )1, 1 1, 1, 1, 1,
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(2-51) 

Similarly to tar partial pressure, the new time step gas partial pressure is obtained by the 

following equation: 

( )1, 1 1, 1, 1, 1,
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2.2.3.2 Curved interface 

In the infinite rate model, the domain of charring solid is divided between char and virgin 

solid by the char / virgin solid interface. Spatial derivatives of variables at the nodes near 

the interface are obtained by four-node scheme to ensure 2nd order accuracy. (Jung 2000; 

Jung et al. 2004) Neighboring nodes used for spatial derivatives of variables at node i,j 

which is adjacent to the char / virgin solid interface, are shown in Figure 2.4. The 

temporary variable φ  corresponds to either pressure or temperature in the governing 

equations. 

 

 

Figure 2.4 Neighboring nodes used for spatial derivatives of variables at node i,j 
which is adjacent to the char / virgin solid interface. 
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Figure 2.5 Nodes used for x-direction derivatives 

 

1st and 2nd derivatives in x-direction (Figure 2.5) are found as below:   

Skew ratio in x-direction of node i: 

bx
x

δβ
δ

=           (2-54) 

1st spatial derivative of φ  in x-direction: 
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    (2-55) 

2nd spatial derivative of φ  in x-direction: 

( )( )
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1st and 2nd spatial derivatives of φ  in y-direction are found as below: 

Skew ratio in y-direction of node j: 

by
y

δγ
δ

=           (2-57) 

1st spatial derivative of φ  in y-direction: 
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2nd spatial derivative of φ  in y-direction: 

bx i i+1 i+2

bxδ xδ xδ
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γ γφ γφ φ φ φ
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∂ + + + +
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2.2.3.3 Tracking interface 

The procedure to find new time step char / virgin solid interface nodes is illustrated in 

Figure 2.6. Here, a three-node circular profile is employed to reconstruct the interface, 

whereas, the original Jung’s method used a three-node quadratic profile.  

First, temporary nodes ( *1l − , *l , *1l + ) are projected from old time step interface nodes 

( 1oldl − , oldl , 1oldl + ) by equation (2-60). Second, a new time step interface is constructed 

based on three temporary nodes by equations (2-61) ~ (2-63). Third, new time step 

interface nodes ( 1newl − , newl , 1newl + ) are found by equation (2-64). Using a circular 

profile interface, normal vector n  at a node is easily found by equation (2-65).  

 

 

Figure 2.6 Interface tracking: new time interface nodes by circular profile 

Interface advancing velocity along interface normal vector n  at an interface node is 

found as: 
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Center of circular interface profile is found as: 
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Radius of interface circular profile is found as: 

( ) ( )* *

2 22
0 0l l

R x x y y= − + −         (2-63) 

Coordinates of New time step interface nodes are found by: 

( )22
0 01 1new newl l

x x R y y
− −

= ± − −
, 

( )22
0 0new newl l

y y R x x= ± − −
, 

( )22
0 01 1new newl l

x x R y y
+ +

= ± − −        (2-64) 

Interface normal vector n at an interface node is found as: 

0 0ˆ ˆx x y yn i j
R R
− −

= +          (2-65) 

The pressure interface condition equation (2-29) and interface advancing velocity 

equation (2-60) need 1st spatial derivatives of pressure and temperature along interface 

normal n  vector at interface nodes for both sides of char and virgin solid. They are 

calculated by equation (2-66) and (2-67) using two nodes along n  vector in char and 

virgin solid sides. (Figure 2.7) The distance between nodes nδ  is determined as the 

shorter length between xδ  and yδ .  

2 1

,

4 3
2

c c p

p charn n
φ φ φφ

δ
− +∂

=
∂

        (2-66) 
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2 1

,  

4 3
2

w w p

p virgin solidn n
φ φ φφ

δ
− +∂

= −
∂

       (2-67) 

The values at these nodes are found by area weighted interpolation using equation (2-68) 

as shown in Figure 2.8. 

a a b b c c d d

a b c d

A A A A
A A A A

φ φ φ φφ + + +
=

+ + +
        (2-68) 

 

 

 

Figure 2.7 Nodes used for 1st derivative calculation 
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Figure 2.8 Area weighted interpolation 

 

2.3 Numerical analysis  

Numerical analysis was performed on six cases with various combinations of kinetics and 

energy models. Case descriptions are summarized in Table 2.1. Properties and kinetic 

constants used for numerical analysis are summarized in Table 2.2.  

Numerical analysis domain dimensions are 0.025 0.1m x m− ≤ ≤ , 0.015 0m y m− ≤ ≤  and 

a 301 x 181 grid is used. In order to obtain a steady state solution, the time integration is 

longer than twice of ‘charred top surface length (0.1 )m / flame spread speed’. Flame 

spread speed is set at 1 mm/second which is obtained from the literature. (Atreya et al. 

2002) 

The boundary conditions of the computational domain are described in Figure 2.9. An 

adiabatic condition for upstream ( 0.025 0 )m x m− ≤ <  and constant temperature of 

850sT K=  for downstream (0 0.1 )m x m≤ <  are imposed as top surface thermal 

boundary conditions. Ambient pressure 0P  is imposed on the entire top surface.   

 

Figure 2.9 Boundary conditions of computational domain 
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Table 2.1 Numerical analysis conditions 

case 1a parallel reactions & detailed energy equation 

case 1b parallel reactions & simplified energy equation 

case 2a global reaction & detailed energy equation 

case 2b global reaction & simplified energy equation 

case 3a infinite rate reaction & detailed energy equation 

case 3b infinite rate reaction & simplified energy equation 

case 4 analytical model (Atreya et al. 2002; Baum et al. 2005) 

 

Table 2.2 Properties and kinetic constants 

Property Value Source Property Value Source 

wρ  3700 kg/m  (Galgano et al. 2003) wA  
9 14.38 10  s−×  (Di Blasi et al. 2001)

fρ  392.8 kg/m  Calculated h∆  430 kJ/kg  (Di Blasi et al. 2001)

wC   1.5 kJ/kg K  (Di Blasi 1996) gM  0.038 kg/mol  (Gronli 1996) 

cC  1.1 kJ/kg K  (Di Blasi 1996) tM  0.11 kg/mol  (Gronli 1996) 

tC  2.5 kJ/kg K  (Gronli 1996) vM  0.0854 kg/mol  Calculated 

gC  1.1 kJ/kg K  (Gronli 1996) pµ  
52.3 10  kg/m s−×  (Galgano et al. 2003)

vC  2.287 kJ/kg K  Calculated wB  
16 21.0 10  m−×  (Gronli 1996) 

wε  0.4  (Galgano et al. 2003) cB  
13 21.0 10  m−×  (Gronli 1996) 

cE  111.7 kJ/mol  (Di Blasi et al. 2001) wλ  0.367 W/m  K  (Galgano et al. 2003)

tE  148.0 kJ/mol  (Di Blasi et al. 2001) cλ  0.708 W/m  K  (Galgano et al. 2003)

gE  152.7 kJ/mol  (Di Blasi et al. 2001) fsV  0.001 m/s  (Atreya et al. 2002) 

wE  141.2 kJ/mol  (Di Blasi et al. 2001) R  8.314 J/mol K   

cA  
6 13.27 10  s−×  (Di Blasi et al. 2001) pT  696.63 K  Calculated 

tA  
10 11.08 10  s−×  (Di Blasi et al. 2001) sT  850 K  (Atreya 1983) 

gA  
9 14.38 10  s−×  (Di Blasi et al. 2001) 0T  300 K   
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2.3.1 Temperature and pressure 

Temperature ( ) ( )0 0/ sT T T T T= − −  distribution of case 1a appears in Figure 2.10. The 

steep slope of iso-temperaure lines near 0x =  indicates that a relatively larger amount of 

pyrolysis occurs near the flame foot than in the downstream region. In addition, a larger 

temperature gradient near 0x =  indicates a thinner pyrolysis zone than that of the 

downstream region. In spite of a higher thermal conductivity of the char than that of the 

virgin solid, it is difficult to tell the temperature gradient difference between the char and 

the virgin solid regions. This is due to a portion of the thermal energy conducted through 

the char being absorbed by the endothermic reaction in the pyrolysis zone and the 

remaining heat being conducted into the unpyrolyzed region. Here, the thermal 

conductivities of the virgin solid and char are found at the middle temperatures during the 

charring process; 500 K for virgin solid and 770 K for char. Large char conductivity is 

attributed to a strong radiation effect inside the char pores at high temperature. Figure 

2.11 shows pressure 0/P P P=  distribution inside the char layer and pyrolysis zone. To 

reduce the computational load, a pressure equation was computed for the char and 

pyrolysis zones which are pyrolyzed over 0.1%. The virgin solid (  0.1%η < ) is assumed 

as impermeable. The pressure rises with depth up to 1.12P =  which covers char and 

most of the pyrolysis zone. The pressure gradient in the char region ( )1.0 1.07P< <  does 

not vary much with depth because the volatile mass flow rate and the permeability are 

nearly constant. In the pyrolysis zone ( )1.07 1.12P< < , although the volatile mass flow 

rate decreases with the depth depending on η , the pressure gradient does not vary much 

due to the permeability decrease from char to virgin solid. The deep region ( )1.12P >  

shows a pressure gradient of nearly zero due to the negligible volatiles generation and 

volatile flow rate. This observation validates the impermeable virgin solid assumption.  
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2.3.2 Product yields 

Figure 2.12 shows that char density increases with depth in the completely pyrolyzed 

region. Near the surface, pyrolysis occurs at high temperature due to a fast heating rate 

which results in a higher volatiles yield. On the contrary, the deeper region shows a larger 

char density. The pyrolysis reaction zone can be recognized by the band of iso-char 

density profiles underneath the char region. The pyrolysis zone approximately matches 

the area between  5%η =  and  95%η =  in Figure 2.13. Figure 2.14 shows the char 

yield ratio defined by /  ( )c c t gS S S S+ +  at x 0.09 m= . Char yield of case 1a, 1b 

increases rapidly in the deep region. Product generation rates defined by 

( )0 0

0

1 x

y y

L

i c t gL L
x

S dy S S S dydx
L− −

+ +∫ ∫ ∫ ; ,   ,   i c t g= ; 0.1xL m= ; 0.015yL m= are 

shown in Figure 2.15. All three production rates show a peak near 0x = , decrease 

rapidly until x  20=  and then gradually decrease. The pyrolysis rate decreases in the 

downstream region because heat conduction from the surface to the pyrolysis zone is 

reduced due to a thicker char layer. 

The tar production rate is one order larger than for the other two products. The gas 

production rate is larger than char for x 70<  and then the trend becomes the reversed for 

x 70> .  

The rate of gaseous fuel coming out from the solid surface is shown in Figure 2.16. Since 

the pressure gradient is nearly normal to the surface, gaseous fuel ejection is coincident 

with Figure 2.15.  

Both the global reaction model and the infinite rate model need a product yield ratio as an 

input parameter, i.e. volatile fraction ‘ν ’. The value was found based on the numerical 

result of case 1a by the integration of each product generation rate over the entire 

computational domain using equations (2-69) and (2-70). The products’ mass yield 

fractions are: char 13.3%, tar 73.5% and gas 13.2%. This result gives 0.867ν = . 

 

*
iE

RT
i a iS k e dAρ

−

Ω

′= ∫ ,      ,   ,   i c t g=        (2-69) 



Y

 

 

F

 

*
*

*
i

i
j

SY
S

=
∑

,  

Figure 2.13 

   ,   ,   i c t g=

Figure 2.

Profiles of t

g ,  ,   j c=

12 Char den

the degree o

35 

,   t g  

nsity c
ρρ
ρ

=

of pyrolysis 

Case 1a

 

c

w

ρ
ρ

 distribut

for 1η = −

a 

 

tion; Case 1

a

w

ρ
ρ

− ,  5η =

 (2-

1a 

5%,  50%,  95

-70) 

 

 
5% ; 



 

 

 

 

Figuure 2.14 Cha

Figure 2.15

1

xL

ar yield rati

5 Comparis

(

0

0

0

y

x

y

L

L

cL
x

S

−

−
+

∫

∫ ∫

36 

io  c

c t

S
S S+ +

on of produ

)
i

t g

S dy

S S dy+ +

 

gS+
 at x 0=

ucts generat

ydx
;    ,i c=

0.09 m  (x =

tion defined

  ,   t g  

 257.5)  

d by 

 

 



 

2

T

T

to

re

th

in

th

T

T

 

Figure 2.16

.3.3 Pyrol

The infinite r

Though using

o determine

esearch. In th

he numerica

nfinite rate m

his relation, 

696.6pT K=

( 0

p

T T
T Ω

−
=
∫

∑

6 The rate o

lysis tempe

rate model ne

g proper pyr

 the pyroly

his work, th

al result of c

model, heat 

the pyrolysi

. 

) (

(

0

*

i w

i w

S C

S C C

−

−

∑
∑

of gaseous fu

(0

0

1 x

y

L

L
x

V

S
L −∫ ∫

erature 

eeds a const

rolysis temp

ysis tempera

he pyrolysis t

case 1a. To 

generation 

is temperatu

)

)

  i

i

C dA
T

C

−
+

37 

uel coming 

)
, ,y s i s

c t g

V

S S S d

ρ

+ +

tant pyrolysi

erature is im

ature has no

temperature 

match the e

‘Q ’ should 

ure can be fo

0T ,                

out from th

dydx
;    i =

s temperatur

mportant for 

ot been clea

was determ

energy balan

be the same

ound by equ

 ,   ,   i c t g=

he solid surf

,   t g  

re ‘ pT ’ as an

the infinite 

arly establis

mined by ener

nce between 

e for both m

uation (2-71)

g   

face defined

n input param

rate model,

shed in prev

rgy balance 

 case 1a an

models. Base

) and the val

 (2-

 
 by 

meter. 

, how 

vious 

from 

nd the 

ed on 

lue is 

-71) 



2

T

d

m

co

m

p

pr

th

m

pr

ch

th

tr

v

ch

en

 

 

 

.3.4 Simpl

The interface

etailed mod

model, the fin

omparison, 

models. The 

arallel react

redicts a thi

hinner layer 

models starts

roceeds  for

har layer. T

hicker char 

ransport sim

olatiles leav

har such as 

nergy model

lified mod

es between v

del in Figure

nite rate mo

 50%η =  li

global reac

tion model 

icker char l

in the far do

s at high te

r  lower  tem

The simplifie

layers than 

mplification d

ving the surf

conductivity

l.  

Figure 2.

dels: Char 

virgin solid a

e 2.17. Inste

dels show a

ine is regard

ction model 

(case 1a, 1b

layer in the 

ownstream r

emperature d

mperature  d

ed energy m

the detailed

does not acc

face at sT . H

y can be co

.17 Compar

38 

layer thic

and char of s

ead of a dis

a gradual tran

ded as char

(case 2a, 2

b) in char l

region near

region ( x  >

due to a fa

due  to  a  sl

model (case 1

d energy mo

count for th

However, m

onsidered to 

rison of virg

ckness 

simplified m

scontinuous 

nsition from

r / virgin so

2b) shows e

layer thickn

r the flame 

120 ) becau

ast heating r

lower heatin

1b, 2b, 3b)

odel because

he loss of th

modification 

improve th

gin solid / ch

models are co

interface of

m virgin solid

olid interfac

xcellent agr

ess. The inf

foot ( x  <

use pyrolysis

rate near x

ng rate cause

predicts app

e the no vol

hermal energ

of the therm

e accuracy 

har interfac

ompared wit

f the infinite

d to char. Fo

ce for finite

reement with

finite rate m

120 ) and th

s of the finite

 0=   and 

ed by the th

proximately 

latiles conve

gy carried b

mal properti

of the simp

ce 

th the 

e rate 

or the 

e rate 

h the 

model 

hen a 

e rate 

then  

hicker 

10% 

ective 

y the 

ies of 

lified 

 



 

 

2

T

ar

ra

sl

re

th

d

w

m

g

th

th

2

en

 

F

.3.5 Simpl

The non-dim

re shown in 

ate models. 

lope. Except

eaction rate 

he finite rate

omain of x

which match

maintained u

lobal reactio

he deep zon

han the glob

.14). The si

nergy model

igure 2.18 C

lified mod

mensional pre

Figure 2.18

The pyrolys

t for the ve

models are 

e models sho

30> . The p

hes the inte

until y 18=  
on model est

e. This is b

bal reaction m

implified en

l due to a hig

Comparison

dels: Press

essure profil

8.  The infini

sis rate can 

ry beginnin

smaller than

ow more vo

pressure pro

rface. The 

and then th

timates 8.5%

ecause the d

model which

nergy mode

gher pyrolys

39 

n of pressur

sure 

les defined 

ite rate mod

be interpret

g part ( x <

n those of th

olatiles gene

ofiles of the 

finite rate 

he pressure 

% higher pre

detailed reac

h has a cons

l predicts a

sis rate as me

e at x 0.09=

by /P P P=

del predicts l

ed from the

30 ), the int

he finite rate

ration and a

infinite rate

models sho

rise drops d

essure than th

ction model 

stant char yi

a 9% higher

entioned in t

9 m  (x  25=

0P  at x 0.0=

lower pressu

e virgin solid

terface slope

 models (Fig

a higher pres

e model end

ow that the 

down gradua

he detailed r

predicts a h

ield ratio fo

r pressure t

the char dept

57.5)  

09 m (x  25=

ure than the 

d / char inte

es of the in

gure 2.17). T

ssure rise fo

d at about y

pressure ri

ally to zero.

reaction mod

higher char 

or y 10>  (F

than the det

th compariso

 

57.5)  

finite 

erface 

nfinite 

Thus, 

or the 

y 11=  

ise is 

. The 

del at 

yield 

Figure 

tailed 

on. 



2

F

w

2

th

C

2

p

al

 

F

re

d

2

T

se

1

re

.3.6 Comp

or the purpo

with the anal

002; Baum e

he simplified

Case 4 and ca

.17 and Fig

arabolic coo

l. 2002; Bau

Figure 2.19 

epresents d

defined by th

.3.7 Comp

The computa

econds; case

8,739 secon

eaction mod

parison wi

ose of valid

ytical mode

et al. 2005).

d energy mo

ase 3b show

gure 2.19.  

ordinates tra

um et al. 200

Pressure P

depth and i

he relation τ

putational

ation times 

e 2a 1,487 s

nds. The CP

del (case 2) w

ith the ana

dating the nu

l which has 

 Since the a

odel, the num

w excellent ag

Here, parab

ansformation

5).   

P  plotted o

is derived 
2V

iτ ω
α

+ =

l time 

for the mod

seconds; cas

PU used was

was the fast

40 

alytical mo

umerical mo

been develo

analytical mo

merical resu

greement in 

bolic variabl

n w
c

αω ω
α

=

on the par

from the p

( )fs

w

V
x iy

α
+

dels were c

e 2b 1,976 s

s AMD Ath

test because 

odel 

odel, the num

oped by Bau

odel is based

ult of case 3

char depth a

le cω  in Fig

w

cα
 and iτ ω+

rabolic coo

parabolic c

case 1a 10,0

seconds; cas

hlon™ 64 3

its’ simple 

merical resu

um and Atre

d on infinite 

3b can be di

and pressure

gure 2.19 is

(
2 fs

w

V
xω

α
=

ordinate cω

coordinates 

005 seconds

se 3a 8,692 

200+ 2.21 G

reaction kin

ult was comp

eya (Atreya 

rate kinetic

irectly comp

e profile in F

s defined by

)x iy+  (Atre

 

w

c

αω
α

=  w

transforma

s; case 1b 4

seconds; cas

GHz. The g

netics reduce

pared 

et al. 

s and 

pared. 

Figure 

y the 

eya et 

which 

ation 

4,495 

se 3b 

global 

es the 



41 

computational load. Interestingly, the infinite reaction model (case 3) took large 

computational time compared to simple kinetics due to the huge numerical effort required 

to track the interface between the virgin solid and the char. 

 

2.4 Summary 

The thermal decomposition and pressure generation in charring solids undergoing 

opposed-flow flame spread have been numerically studied taking into account detailed 

physics. In addition, the characteristics of various simplified models have been 

investigated. A larger amount of pyrolysis occurs near the flame foot than in the 

downstream region and the pyrolysis zone is thinner near x = 0 than in the downstream 

region. The temperature gradient does not vary significantly from the char to virgin solid 

because the endothermic reaction effect is partly offset by the larger thermal conductivity 

of char than virgin solid. Pressure rises with depth in char layer and pyrolysis zone and 

the highest pressure exits at the bottom of the pyrolysis zone. This observation validates 

the impermeable virgin solid assumption. Since the pyrolysis occurs at a lower 

temperature in the deeper region, the char density increases with depth. The averaged 

products yield mass fractions are: char 13.3%, tar 73.5% and gas 13.2%. The pyrolysis 

temperature was found by an energy balance relation from the parallel reaction model 

results, and the value is 696.6pT K= . The global reaction model showed excellent 

agreement with the parallel reaction models in the char layer thickness. However, it 

predicted a higher pressure in the char and pyrolysis zones. The infinite reaction rate 

model predicted a thicker char layer in the region near the flame foot and a thinner char 

layer in the far downstream region due to a constant pyrolysis temperature. It showed 

lower pressure in the char than the finite rate models. The simplified energy model 

predicted thicker char and higher pressure than the detailed energy model because it does 

not account for energy carried by volatile leaving the charring solid at surface 

temperature. However, modification of thermal properties such as conductivity of char 

can be considered to improve its accuracy.   
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Chapter 3 
 

Determination of Pyrolysis Temperature for Charring 

Materials 
   

An energy and mass balanced method of determining the pyrolysis temperature is 

proposed. The concept is to find the pyrolysis temperature that consumes the same 

amount of energy to produce the same amount of mass when using the pyrolysis front 

model as when using finite rate kinetics models for the entire charring process. The 

resulting pyrolysis temperature has the form of pyrolysis rate weighted average 

temperature. Comparisons between finite rate kinetics and pyrolysis front models for 

various boundary conditions, geometries, heats of decomposition, kinetic parameters and 

assumptions used in the literature were made to assess the proposed method.  Models 

using energy and mass balanced pyrolysis temperature show good agreement with finite 

rate models and the experiments. Extensive numerical studies on various factors 

influencing the charring material pyrolysis show that heat flux, sample size, heat of 

decomposition and kinetic parameters are the most important factors for determining an 

appropriate pyrolysis temperature. Thermal conductivity, specific heat and density have a 

lesser effect on the pyrolysis temperature. For practical application, a non-dimensional 

correlation is developed to determine the appropriate pyrolysis temperature without 

solving the problem by using finite rate models. With this correlation the energy and 

mass balanced pyrolysis temperature can be determined with a standard deviation of 7.6K. 

These predictions are validated by comparison with measurements of wood cylinder 

pyrolysis. A good agreement suggests that simpler pyrolysis front models yield 

practically useful and accurate results given an appropriate pyrolysis temperature. 
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3.1 Introduction  

Knowledge of the pyrolysis rate of charring materials like wood is important for the 

prediction of fire growth because it determines the amount of gaseous fuel generated by 

the solid for the flames.  The process of solid pyrolysis, char formation and growth is 

quite complex – it involves heat transfer, decomposition reactions, and fuel mass transfer. 

Numerous models (Lee et al. 1976; Atreya 1983; Desrosiers et al. 1984; Wichman et al. 

1987; Chen 1993; Jia et al. 1999; Staggs 1999; Di Blasi et al. 2001; Atreya et al. 2002; 

Galgano et al. 2005; Baum et al. 2007; Park et al. 2007) have been developed over 

decades for the analysis and prediction of this charring process. These include models 

with (i) finite-rate decomposition kinetics, and (ii) infinite-rate kinetics leading to a 

propagating pyrolysis front that separates char from the virgin material at a specified 

pyrolysis temperature. While pyrolysis-front models circumvent decomposition kinetics, 

they are attractive because they lead to analytical and/or computationally efficient 

solutions.  This is advantageous because predicting fire growth in multi-story buildings 

remains a daunting task despite the remarkable growth in computational abilities.  

Pyrolysis-front models also gain credibility from the facts that: (i) under high temperature 

environment such as a fire, the kinetics time scale is significantly smaller than the time 

scale of heat transfer inside the charring solid, and (ii) decomposition kinetics of 

numerous materials involved in a fire is not well-known. Hence, it is reasonable to model 

the pyrolysis process by infinite-rate kinetics which assumes that the entire chemical 

reaction occurs abruptly at a constant pyrolysis temperature ‘ pT ’. The pyrolysis rate is 

then controlled by thermal processes and the choice of the pyrolysis temperature.  The 

purpose of this study is to outline a physics-based method of determining an appropriate 

value of the pyrolysis temperature to improve the accuracy of the pyrolysis-front models. 

Since the decomposition reaction is characterized by the pyrolysis temperature, the 

choice of a proper pyrolysis temperature is critical for the accuracy of the infinite-rate 

model. Nevertheless, relatively less attention has been devoted to determining pT  than to 

developing the model itself. pT  has been either treated as a material property obtainable 

by some reproducible experiments or a convenient value was assumed from the literature. 

(Chen 1993; Atreya et al. 2002; Baum et al. 2007)    Many methods have been used to 
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define the pyrolysis temperature in the literature.  For example, it has been considered as: 

(i) the temperature at 50% weight loss of a TGA sample, (Desrosiers et al. 1984; Staggs 

1999) (ii) the temperature at the inflection point of a TGA curve, (Staggs 1999) (iii) the 

temperature plateau observed during pyrolysis experiments, (Desrosiers et al. 1984) or (iv) 

estimated from the measured surface temperature and mass loss history. (Jia et al. 1999) 

Recently, Galgano et al. determined pT by comparing the pyrolysis-front model 

predictions with the results of a finite-rate model (Galgano et al. 2005). pT  was either 

taken as the reaction temperature of the finite-rate model at the 50% pyrolyzed condition 

or determined by the condition of equal peak mass loss rate between the finite-rate model 

and the pyrolysis-front model.  However, pT  obtained from a constant heating rate TGA 

curve may not be suitable for a thermally thick charring solid because its heating rate 

varies with both space and time. Likewise, while pT  as the temperature plateau during 

pyrolysis may be a representative value, such a plateau is not always observed and its 

value varies with the sample size, shape and boundary conditions. Thus, there is need for 

a more general rigorous method of determining the pyrolysis temperature.   

In the present study, a physics-based method of finding the pyrolysis temperature is 

proposed and its performance is evaluated against finite-rate models and experiments for 

various geometries including 1-D slab, infinitely long cylinder, and sphere. The influence 

of various factors is also investigated. 

 

3.2 Energy and mass balanced pyrolysis temperature concept  

Pyrolysis temperature can be determined by comparing the pyrolysis-front model with 

either the experimental measurements or finite-rate kinetics models. The key question is 

how to define the matching condition. In this work, pT  is found by ensuring that the same 

amount of energy is consumed to produce the same amount of mass for the entire 

charring process of interest by using the pyrolysis-front model as when using the finite-

rate kinetics model.  
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3.3 Pyrolysis models  

Consider a moisture free and thermally thick charring solid initially at ambient 

temperature, 0T , that is exposed to a constant heat flux on its external surfaces. A 

schematic of the physical problem is illustrated in Figure 3.1 for the 1-D slab geometry. 

The heat flux is imposed on one side of the slab and the other side is insulated. This 

renders the half section of a slab of twice the thickness with both sides exposed to the 

same constant heat flux. When the surface temperature becomes high enough, pyrolysis 

begins at the surface, and later, the pyrolysis zone advances into the solid leaving behind 

an insulating char layer. Details of this zone are shown in the inset of Figure 3.1.  

Gaseous volatiles generated during pyrolysis are transported to the surface through the 

porous char matrix. Two types of models are considered: (i) a finite-rate decomposition 

kinetics model that yields a finite thickness of the pyrolysis zone, and (ii) an infinitely-

fast kinetics model where the pyrolysis zone thickness is zero and a pyrolysis front, 

associated with pT , propagates through the solid.  Major assumptions made in the models 

are: (1) Volatiles and the char matrix are in local thermal equilibrium and the virgin solid 

is assumed to be impermeable to volatiles flow. (2) Volume of the charring solid remains 

constant during the charring process, i.e. no char shrinkage. (3) Thermal properties vary 

with density but are averaged over temperature. Thus, enthalpy is given by: 

( ) ( ) ( )
o

T

p p oT
h T C T dT C T T= ≈ −∫ . 

3.3.1 Finite-rate kinetics model 

During pyrolysis and in finite-rate kinetics models, the density of the solid in the 

pyrolyzing zone changes continuously from the initial density of the virgin solid ' 'wρ  to 

the final density of char ' 'fρ . Thus, at any instant, a partially pyrolyzed element may be 

considered to be a mixture of both char and unpyrolyzed active material.  Since zero 

shrinkage is assumed, all densities are based on the original volume of the solid element 

yielding the instantaneous solid density as ( , ) ( , ) ( , )s a cx t x t x tρ ρ ρ= +  where aρ  and cρ  
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are the densities of the active material and char respectively. At 0t = , ( ,0)s xρ =

( ,0)a xρ = wρ  and ( ),0 0c xρ =  and at ft t= , ( , )s fx tρ = ( , )c fx tρ = fρ  and ( , ) 0a fx tρ = . 

 

Figure 3.1 Schematic of a pyrolyzing charring solid for 1-D slab geometry 

 

According to Park et al., it was shown that pyrolysis of the virgin solid to char and 

volatiles may be accurately modeled by a global one step finite rate reaction as long as 

the correct char yield is used. (Park et al. 2007)  Char yield, however, can only be 

determined by a multiple-step parallel reaction model or experiments. Therefore, for the 

present purpose, the decomposition rate is described by a 1st order Arrhenius reaction rate 

with a prescribed char yield ' ' f wγ ρ ρ=  as: 
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∂
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where, 
E

RTk Ae
−

= . 

Conservation of mass yields: 

(1 )v s
v am k

t t
ρ ρ γ ρ∂ ∂′′+∇• = − = −
∂ ∂

       (3-3) 

where, vm′′  is the volatile mass flux and 0v

t
ρ∂

≈
∂

. 

Conservation of energy (neglecting the mass of the volatiles in the pores of the charring 

solid) yields:  

( ) ( ) ( )a w c c pv v
TC C C m T T Q T
t

ρ ρ λ∂ ′′+ + •∇ =∇• ∇ +
∂

    (3-4) 

Where, 0 0( ) ( (1 ) ) ( )w c pv aQ T C C C T T h kγ γ ρ = − − − − − ∆   is the heat generation term and 

0h∆  is the heat of pyrolysis to decompose a unit mass of active material at the reference 

temperature 0T .  In equation (3-4), the thermal conductivity ‘λ ’ of the semi-pyrolyzed 

solid is estimated by a linear combination of virgin solid and char as:  

a c
w c

w f

ρ ρλ λ λ
ρ ρ

= +          (3-4) 

For 1-D slab, cylindrical, and spherical cases, equation (3-4) reduces to:  

( ) ( )1 n
a w c c pv v n

T T TC C C m x Q T
t x x x x

ρ ρ λ∂ ∂ ∂ ∂ ′′+ + = + ∂ ∂ ∂ ∂ 
    (3-5) 

Where, the geometric parameter 0n =  represents a slab, 1n =  a cylinder, and 2n = a 

sphere. Also the volatile mass flux is determined as below: 

( )
0

( , ) 1
n

x

v am x t k d
x
ξγ ρ ξ ′′ = − ⋅ 
 ∫ .       (3-6) 

 

3.3.2 Infinite-rate kinetics (pyrolysis-front) model 

For the pyrolysis front model, the solid is divided into two zones, virgin solid and char, 

by an isothermal pyrolysis front. For simplicity, virgin solid is assumed to be 

impermeable to volatiles flow. Therefore, the volatiles convection term is ignored in the 

energy equation: 
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( ); 0nw
pn

T Tx x x t
t x x x

α∂ ∂ ∂ = < < ∂ ∂ ∂ 
     (3-7) 

Where, w
w

w wC
λα
ρ

=  is the virgin solid thermal diffusivity and ( )px t   is the location of 

the pyrolysis front. 

The energy equation for the char includes the thermal effect of volatiles convection. 

( );pv nv c
pn

c c

C mT T Tx x t x L
t C x x x x

α
ρ
′′∂ ∂ ∂ ∂ + = < < ∂ ∂ ∂ ∂ 

    (3-8) 

 Where,
 

L  is the thickness, c
c

f cC
λα

ρ
=

⋅
is the char thermal diffusivity and 

( )
( )

( , ) 1
n

p p
v w

x t dx
m x t

x dt
ρ γ

 
′′ = ⋅ − ⋅ 

 
 is the volatiles mass flux. The location of the 

pyrolysis front is determined by the conditions: 

( )
( ) p

c w p w
c w

dx tdT dT h T
dx dx dt

λ λ ρ− = ∆ ⋅ ⋅  and      pT T=     (3-9) 

where, heat of pyrolysis at pT  is found as, 

( ) ( )0 0 0( (1 ) ) ( )p P w c pvh T T T C C C T T hγ γ∆ = − − − − − − ∆     (3-10) 

 

3.3.3 Determination of the pyrolysis temperature 

Consider an instantaneous snapshot of the pyrolysis process. The inset in Figure 3.1 

shows the variation in various quantities during pyrolysis and the pyrolysis front 

approximation. The location of the pyrolysis front is determined by the value of ' 'pT  and 

it may not lie in the middle of the pyrolysis zone, as shown. Presumably, the pyrolysis 

front is somewhere within this reaction zone, but we do not know this to be true a priori. 

The control volume ' 'x∆  is chosen to be thick enough to include both the entire finite-

rate pyrolysis zone and the pyrolysis front.  As the pyrolysis front passes through ' 'x∆  

initially consisting of the virgin material at time ' 't , it is converted to char at t t+ ∆   

(assuming no shrinkage). To determine the energy-and-mass-balanced pT , we first note 
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that mass is automatically balanced as the sample goes from wρ  to fρ  for constant γ .   

To equalize the energy consumed by the finite-rate kinetics and the pyrolysis-front 

models, it is noted that there is no difference in the energy content of the remaining char 

as long as the energy imparted to the volatiles is the same for the two models.  

The rate at which energy is acquired by the pyrolysis gases according to the finite-rate 

kinetics model is:
 ( ) ( )1 ( , ) ( , )

x x

a pv ox
k t C T t T dγ ρ ξ ξ ξ

+∆
− −∫ .  Since there is no more 

creation of volatiles outside ∆ , this becomes: ( ) ( )
0

1 ( , ) ( , )
L

a pv ok x t C T x t T dxγ ρ− −∫ . 

The corresponding expression for the pyrolysis-front model is: 

( ) ( ) ( )1 ( ) ( , )
x x p

w p pv ox

d
t C T t T d

dt
δ ξ

ρ γ δ ξ ξ ξ ξ
+

− − −∫ . By again extending the integration 

over the entire spatial domain and using properties of the delta function this becomes: 

( ) ( ) ( )
1 ( ) p

w pv p o

dx t
C T t T

dt
ρ γ− − . Equating these expressions give the time-dependent 

pyrolysis temperature ( )' 'pT t  which is not practically useful. Thus, integrating over the 

entire time that the charring process occurs yields a physically and computationally 

useful ‘mass–and-energy-balanced’ pyrolysis temperature pT  as: 

0 0

1 ( , )ft L

p a
w

T T x t k dx dt
L

ρ
ρ

= ∫ ∫        (3-11) 

Thus, ' 'pT  is the decomposition rate weighted average temperature for the entire 

pyrolysis process. 

 

3.4 Results and discussion  

The models presented above were numerically solved and compared to determine the 

energy-and-mass-balanced pyrolysis temperature for various sample thicknesses, shapes 

and boundary conditions. Material properties used are listed in Table 3.1. 
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Table 3.1 Material properties and kinetic constants 

Property Value Source Property Value Source 

wρ  
3676 kg/m  (Atreya 1983) A  8 12.5 10  s−×  (Atreya 1983) 

cρ  
3162.24 kg/m  (Atreya 1983) 0h∆  248.3 kJ/kg  estimated 

wC   1.492 kJ/kg K  (Lee et al. 1976) wλ  0.189 W/m  K  (Atreya 1983) 

cC  0.787 kJ/kg K  (Atreya 1983) cλ  0.117 W/m  K  (Lee et al. 1976) 

pvC  1.114 kJ/kg K  (Atreya 1983) R  8.314 /  J mol K   

E  125.58 kJ/mol  (Atreya 1983) 0T  298.15 K   

 

3.4.1 Effect of boundary conditions 

Figure 3.2 shows that pT  changes with the boundary conditions. The finite-rate model-A 

and two pyrolysis-front models one using the mass-and-energy-balanced pT  (model-B1) 

and the other using a constant pT  (model-B2), are compared. For model-B1, pT  was 

found by mass and energy balance from model-A. For model-B2, the same ( 678 )pT K=  

is used for all cases, which was the mass-and-energy-balanced pT  for the no heat loss 

condition. Thus for Figure 3.2, models B1 and B2 are the same. pT  used in the pyrolysis-

front models are listed in Table 3.2. As the surface heat loss increases, pT  for model-B1 

decreases and the difference between the models B1 and B2 increases.  

Model-A predicts earlier surface pyrolysis and a gradual increase in the pyrolysis rate, 

whereas, models B1 and B2 show a sudden increase in the pyrolysis rate when the 

surface temperature reaches the pyrolysis temperature. This implies that pyrolysis 

temperature models are inadequate for predicting the ignition temperature. They predict 

that pyrolysis temperature is, in fact, the ignition temperature.  In the final pyrolysis stage, 

models B1 and B2 show a sudden decrease in the mass loss rate when the pyrolysis front 

reaches the insulated boundary. Models B1 and B2 agree better with model-A for the no 

heat loss boundary condition than for the radiation and convection boundary condition 

because faster heating rate and higher material temperature results in a thinner pyrolysis 

zone. As seen in Figure 3.2d, model-B1 shows good agreement for the overall mass loss 
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rate with model-A for all boundary conditions and the pyrolysis is completed in the same 

amount of time, whereas model-B2 predicts 14% longer pyrolysis time in. Thus, it is 

important to use an appropriate pT  in pyrolysis-front models for different boundary 

conditions, and enforcing energy and mass balance is an effective method of finding the 

correct pT . 

 

Table 3.2 Pyrolysis temperature; model B1: energy and mass balanced pyrolysis 
temperature, model B2: constant pyrolysis temperature; units: K 

 Rad & Conv Radiation Convection No loss 
Model B1 633 639 667 678 
Model B2 678 678 678 678 

 

3.4.2 Effect of geometry 

Pyrolysis of a 1-D cylinder and sphere was analyzed using the pyrolysis-front model-B1 

and finite-rate model-A. Radiation and convection boundary conditions were used to 

represent realistic conditions. As shown in Figure 3.3, the pyrolysis-front model-B1 

generated a smaller peak mass loss rate and predicted a slightly longer pyrolysis time 

than the finite-rate model-A. Unlike the slab cases, a sudden decrease of mass loss rate 

for the pyrolysis-front model-B1 does not occur because for curved geometries, pyrolysis 

front area decreases as the pyrolysis zone approaches the center. Also, since curved 

geometries have a larger surface to volume ratio than the slab, total pyrolysis time is 

much shorter. 
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(a)                                                                   (b) 

 

 
(c)                                                                   (d) 

Figure 3.2 Mass loss rate /dY dt , where, solid mass fraction: ( )
0

1 L

a c
w

Y dx
L

ρ ρ
ρ

= +∫  

for a 1 cm  thick slab exposed to 23 /W cm  external radiation. Comparison of finite-
rate model-A with pyrolysis-front models for different boundary conditions: Case(a): 
no heat loss, Case(b): convection heat loss,  Case(c): radiation heat loss, Case(d): 
radiation and convection heat loss. 
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(a)                                                                    (b) 

Figure 3.3 Mass loss rate /dY dt for 1 cm  radius samples exposed to 23 /W cm

external radiations. ( )2 0

2 L

a c
w

Y xdx
L

ρ ρ
ρ

= +∫  for a cylinder & 

( ) 2
3 0

3 L

a c
w

Y x dx
L

ρ ρ
ρ

= +∫    for a sphere. Comparison of finite rate model-A with 

mass-and-energy-balanced pT  model-B1 for: (a) cylinder ( )656pT K=  (b) sphere

( )670pT K= . 
 

3.4.3 Effects of various parameters on the pyrolysis temperature 

The effect of various parameters was studied to determine their influence on the energy-

and-mass-balanced pT . These parameters were individually varied around their base 

values to represent the variation found in the literature, and energy-and-mass-balanced 

pT was determined by comparing the pyrolysis-front model with the finite-rate model. 

For this investigation, 1-D slab geometry illustrated in Figure 3.1 was used with radiation 

and convection heat loss boundary conditions. The sample thickness was 1cm. Material 

properties, heat of pyrolysis and kinetic parameters for the base condition are listed in 

Table 3.1.  

Heat flux: Figure 3.4 shows that for fire-level heat fluxes of 22 to 10 /W cm ,  pT  
increases with the heat flux from 617.9 K to 667.8 K.  At higher heat fluxes, the solid 

heats faster resulting in a higher pT . The influence of the heat flux on pT  is significant 
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and the curve seems to suggest that as the heat flux is increased even further some 

asymptotic value of the pyrolysis temperature may be reached.  

 

 
Figure 3.4 Effect of heat flux on energy and mass balanced pT  

 

Sample size: figure 3.5 shows the effect of sample thickness. A thickness range from 

0.1 2to cm  was used. In this range, pT  changed from 607.0K to 697.8K. Thinner 

materials lead to higher pyrolysis temperatures due to higher heating rates – a condition 

similar to higher heat fluxes.  

 
Figure 3.5 Effect of thickness on energy and mass balanced pT   
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Pyrolysis heat: In the literature, heat of pyrolysis is frequently used as the heat at the 

decomposition temperature which may be obtained directly from DSC measurements. In 

this work, however, a thermodynamic definition of the heat of pyrolysis is used. It is the 

difference in the heat of formation of the reactants and the products at the reference 

temperature (298.15K). Thus, the heat of pyrolysis at the decomposition temperature 

becomes a function of the temperature due to the differences in the specific heats of the 

reactants and the products as described in Eq. (3-10). The literature values of the heat of 

pyrolysis at the decomposition temperature vary greatly from +750 kJ/kg (endothermic) 

to -130 kJ/kg (exothermic – and often significantly more exothermic).  For example, 

using DSC, Bilbao et al. measured the heat of pyrolysis at the decomposition temperature 

for +274 kJ/kg and -353 kJ/kg (Bilbao et al. 1996).  Considering the literature values, an 

estimated heat of pyrolysis at the reference temperature is 248.3 kJ/kg. Figure 3.6 shows 

the effect of variations around this value on 0h∆ . It is seen that pT  is inversely 

proportional to the endothermic heat of pyrolysis, 0h∆ . The actual reaction becomes 

exothermic ( )( ) 0Q T >   for small 0h∆  because the specific heat of reactants is larger than 

the products. For these exothermic cases  ( )0 100 /h kJ kg∆ < ,  pT  increases sharply. 

 

 
Figure 3.6 Effect of heat of pyrolysis 0h∆  on energy and mass balanced pT  
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Thermal properties: pT  varies from 626.8K to 649.8K with char thermal conductivity 

ranging from 0.08 /W mK  to 0.4 /W mK . (Figure 3.7b)  Char conductivity affects pT  

because it controls the heat transfer from the surface to the pyrolysis zone.  Higher char 

conductivity increases the heating rate in the pyrolysis zone and hence pT . By contrast, 

the effect of virgin material conductivity was found to be negligible. (Figure 3.7a)  

The effect of specific heat is interesting. A large specific heat of either the char or the 

virgin material is expected to decrease the heating rate and hence the pyrolysis 

temperature. This happens for char and there is a slight decrease (~5K) for a 2.5 fold 

increase in the char specific heat.  However, the virgin solid shows an opposite trend. 

(Figure 3.8) There is a slight increase (~20K) for a twofold increase in the virgin solid 

specific heat. Looking further, we find that the apparent temperature-dependent heat 

generation ( )Q T in equation (3-4) becomes less endothermic with large wC , whereas cC   

has an opposite sign. The combined effect is that pT  is only weakly proportional to wC . 

The effect of density is similar. (Figure 3.9) Larger density will increase the thermal load 

reducing the heating rate and resulting in slower pyrolysis and lower pyrolysis 

temperatures. pT  drops from 646.8 K to 628.8 K over a wρ  range of 3400 /kg m  to 

3800 /kg m . Larger wρ  also leads to a smaller char yield γ  for constant fρ , which 

makes ( )Q T  less endothermic unless pv cC C> , which is the case.  Likewise, larger fρ   

will reduce the heating rate and result in larger γ . For pv cC C> , larger γ  makes the 

reaction less endothermic increasing the pyrolysis temperature. These conflicting effects 

render a weak dependence of pT  on fρ  (~5K increase over an eight fold increase in the 

char density). The net result is that pT is nearly independent of /w w w wCα λ ρ=  and weakly 

dependent on cα  with the primary dependence coming through cλ . Overall, the variations 

in the pyrolysis temperature with the thermal properties is small compared to other 

parameters. 

Char yield: the effect of variation in char yield, which varies with the heating rate, on the 

pyrolysis temperature was also found to be relatively small compared to other factors. 
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The pyrolysis temperature varied from 632K ~ 637K over the char yield range of 7.4% ~ 

59.2%. (Figure 3.9b) 

 

 
(a) 

 

 
(b) 

 

Figure 3.7 Effect of thermal conductivity on energy and mass balanced pyrolysis 
temperature; (a) virgin material; (b) char 
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(a) 

 

 
(b) 

 

Figure 3.8 Effect of specific heat capacity on energy and mass balanced pyrolysis 
temperature; (a) virgin material; (b) char 
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(a) 

 
(b) 

Figure 3.9 Effect of density on energy and mass balanced pyrolysis temperature; (a) 
virgin material; (b) char 
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3.11. pT  varies by more than 100K for representative literature ranges of E  and A . pT  

increases linearly with the activation energy and decreases exponentially with increase in 

the pre-exponential constant.  

 

 
Figure 3.10 Effect of the activation energy on mass-and-energy-balanced pT . 

 

 
Figure 3.11 Effect of the pre-exponential constant on mass-and-energy-balanced pT . 
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3.4.5 Estimation of mass and energy balanced pyrolysis temperature 

In the above parametric study, mass-and-energy-balanced pT  was obtained by comparing 

the pyrolysis-front model with the finite-rate model. Clearly, a more convenient method 

of estimating pT  must be found. Thus, the above understanding is summarized into a 

non-dimensional correlation. To normalize equation (3-11) which, if solved, will yield 

the desired pT we choose a reference temperature RT  near the expected pT  and rewrite 

equation (3-11) as: 

1 * * *

0 0
( , )f ft tp

a
R

T
e T k d d

T
φ ξ τ ρ τ ξ

′−= ∫ ∫        (3-12) 

where 
1 1

* * *( , ); ; ( , ) ; ;R

E
R T T a

a
f R w

t x TT k e
t L T

ρξ ττ ξ ξ τ ρ
ρ

 
− − 

 = = = = =
′

 

Here ft′  is not a priori known. It is chosen from the physical parameters such that f ft t′ ∼   

to make the integral of order unity. The above parametric study shows that 

0 /f wt h L qρ′ ′ ′′∝ ∆ which leads to the non-dimensional parameter 

0ln w

R

A h LE
RT q

ρφ
′ ∆

= −  ′′ 
 in equation (3-12). The characteristic thickness L′  is defined 

as: volume/surface-area.  Thus, L′ = thickness for a slab; = radius / 2 for a cylinder; and 

= radius / 3 for a sphere. It is important to note that φ  includes the effect of all the major 

variables that influence the pyrolysis temperature and has the correct dependences. 

/p RT T  is plotted against φ   in Figure 3.12. The symbols in Figure 3.12 represent the 

energy and mass balanced pT  determined in the above parametric study by individually 

varying each parameter for a slab, cylinder and sphere, as well as nine mixed cases listed 

in Table 3.3 for three different values of 600 ,  650 ,  700RT K K K= . Thus given the basic 

variables and the material properties, an appropriate energy and mass balanced pyrolysis 

temperature can be determined from Figure 3.12 with a standard deviation of 7.6 K and 

used in the pyrolysis front model without sacrificing accuracy of the model prediction. 
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Figure 3.12 Non-dimensional correlation of finite-rate and pyrolysis-front models 
for a wood slab, cylinder & sphere for estimating the mass-and-energy-balanced pT  

from primary variables namely: activation energy ( )E ; pre-exponential factor ( )A ; 

heat of pyrolysis ( )0h∆ ; characteristic thickness ( )L′ ; virgin solid density ( )wρ ; 

external heat flux ( )q′′ ; and a random mix of these variables.  Symbols represent 
these variables. They were systematically varied over a representative literature 
range for wood.  The dotted line is the best-fit correlation. This correlation is 
insensitive to the value of the reference pyrolysis temperature ( )RT . RT  was varied 
from 600K to 700K. 
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Table 3.3 Description of mixed cases; Values different from the base case are printed 
in bold fonts 

 
heat flux
( )2/W cm  

L  
 ( )m  

0h∆  
 (kJ/kg)  

E  
(kJ/mol)  

 A  
( )1/ s  

case 0 (base) 3 0.01 248.3 125.58 2.50E+08 

case 1 5 0.005 248.3 125.58 2.50E+08 

case 2 2 0.005 248.3 125.58 2.50E+08 

case 3 5 0.02 248.3 125.58 2.50E+08 

case 4 8 0.02 248.3 125.58 2.50E+08 

case 5 3 0.01 248.3 115 1.50E+09 

case 6 3 0.01 248.3 115 3.00E+07 

case 7 3 0.01 248.3 135 3.00E+07 

case 8 3 0.01 248.3 135 2.00E+09 

case 9 3 0.01 500 125 1.50E+09 

 

3.4.6 Comparison with experiments on wood 

As an application of the method for determining pT  , beech wood cylinder pyrolysis was 

modeled and compared with experimental measurements of Di Blasi et al. (Di Blasi et al. 

2001) In the experiments, cylinders of 2cm radius and 4cm length were exposed to 

thermal radiation of 240 80 /to kW m . Details of the experimental and simulation 

conditions are described in the literature (Di Blasi et al. 2001; Galgano et al. 2005). 

Figure 3.13 shows the experimental data and calculations using the finite-rate model-A 

and the pyrolysis-front model-B1.  

The pyrolysis temperatures obtained from the correlation are listed in the Figure 3.13 

caption. Comparisons with both the change in the solid mass fraction (Y ) and its rate of 

change ( /dY dt ) are shown. It is seen that the pyrolysis-front model agrees well with the 

finite-rate model. Further, both models agree equally well with the measurements. The 

discrepancy in the final stages of pyrolysis is believed to be caused by the volatiles 

convection term because its effect becomes more significant in the final stage due to 
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thicker char layer and larger temperature difference between the pyrolysis zone and the 

surface. Another possibility is that cracking of the char matrix that may allow the 

volatiles to leave without complete heat transfer with the char, as assumed in the models. 

Char cracking may also change the radiation boundary condition. Given these 

complications, the overall prediction of the models is equally acceptable for both the 

pyrolysis-front and the finite-rate model. The mass loss rate ( /dY dt ) predictions also 

show good agreement with the measurements for high heat flux boundary conditions 
2(69,  80 / )kW m  and poor agreement for low heat flux boundary conditions 

2(49,  40 / )kW m for both models.  

 

3.5 Summary  

A method of determining the pyrolysis temperature by enforcing mass and energy 

balance is proposed and validated by comparison with the decomposition kinetics model 

and the experiments. This pyrolysis temperature has the form of pyrolysis rate weighted 

average temperature for the entire charring process. The pyrolysis-front model using the 

mass-and-energy-balanced pT  shows good agreement with the finite-rate model for 

various geometries, boundary conditions and properties. A comparison between the mass-

and-energy-balanced pT   and a constant pT  showed the importance of choosing the 

proper pyrolysis temperature to improve the accuracy of the pyrolysis-front models.  

Extensive numerical studies on various factors influencing pyrolysis have shown that 

heat flux, sample size, heat of pyrolysis and kinetic parameters are the most important for 

determining an appropriate pyrolysis temperature. Further, this parametric study was used 

to derive a non-dimensional correlation to determine an appropriate pT  without solving 

the problem by finite-rate models. The proposed correlation was used to predict the 

results of wood cylinder pyrolysis experiments (Di Blasi et al. 2001). An excellent 

agreement validates both the correlation and the mass-and-energy-balanced pyrolysis 

temperature concept.  
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(a) 

 
 (b) 

Figure 3.13 Comparison of (a) solid the solid mass fraction (Y ) and (b) its rate of 
change ( /dY dt ) between the models and the experimental measurements (Di 
Blasi et al. 2001). Y  mass fraction, /dY dt  mass loss rate. Values of pT

obtained from the correlation were: 636K for 240 /kW m ; 641K for 249 /kW m ; 
651K for 269 /kW m  and 655K for 280 /kW m . 
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Chapter 4  
 

Experimental and Theoretical Investigation of Wood 

Pyrolysis 
   

Thermal decomposition of wood spheres has been studied both experimentally and 

theoretically. A wood sphere of 25.4 mm diameter was pyrolyzed in the vertical tube 

furnace at a temperature range of 638K ~ 879K. Mass loss and temperatures of the 

sample were measured during pyrolysis. Center temperature measurements showed two 

distinct thermal behaviors which are endothermic and exothermic reactions in order. 

Numerical investigation of these endo-/exothermic reactions using pyrolysis models was 

conducted to determine thermal mechanisms of wood pyrolysis. From the numerical 

results, the following findings were made: (i) The contributions of secondary tar 

decomposition and lignin decomposition to the center temperature peak are small. (ii) 

Exothermic intermediate solid decomposition is responsible for the center temperature 

peak. (iii) The center temperature plateau is caused by the endothermic cellulose 

decomposition.  

Based on the experimental and numerical results, a novel wood pyrolysis model is 

proposed. The model consists of three endothermic parallel reactions producing tar, gas 

and intermediate solid, subsequent exothermic intermediate solid conversion to char and 

exothermic tar decomposition to char and gas. The proposed pyrolysis model showed 

good agreement with experiment. 

4.1 Introduction  

Recently, biomass has increasingly gained interest as a source of renewable energy to 

cope with the problems of global warming and fossil fuel depletion. Extensive research 
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has been conducted to develop technologies to obtain liquid bio-fuel through the pyroysis 

of lignocellulosic material which is mainly represented by wood. In order to achieve 

industrial scale production of liquid bio-fuel from wood pyrolysis, it is necessary to 

optimize various parameters such as wood feed stock, reactor design and process 

conditions with the help of wood pyrolysis model. A number of models have been 

developed for this purpose. Most of them focus on pyrolysis rate represented by mass 

loss rate and products yield rather than thermal behavior, because temperature controlled 

thermally thin particle pyrolysis experiment results such as TGA have been used for the 

development of these models in many cases.  

Since pyrolysis rate and product yields largely depend on temperature, thermal 

characteristics of wood pyrolysis have importance for detailed wood pyrolysis modeling.  

Experimental observations have shown both endothermic and exothermic reactions 

appearing during wood pyrolysis. (Koufopanos et al. 1991; Bilbao et al. 1996; 

Milosavljevic et al. 1996; Di Blasi et al. 2001; Strezov et al. 2003) Nonetheless, a couple 

of models have dealt with endo-/exothermic reactions of wood pyrolysis. (Koufopanos et 

al. 1991; Bilbao et al. 1996). For most models, wood pyrolysis reaction is regarded as a 

simple endothermic or exothermic process represented by averaged heat of pyrolysis. 

The objective of this chapter is to provide better understanding of wood pyrolysis with 

emphasis on its thermal characteristics employing both experimental and theoretical 

methods and to develop a novel wood pyrolysis model useful for liquid bio-fuel research.  

 

4.1.1 Problem description and literature review 

Wood pyrolysis is a complex process involving many aspects of physical and chemical 

processes such as heat transfer, pressure built up in the solid, decomposition kinetics, 

moisture drying, heat of pyrolysis, material properties, etc. During moisture free wood 

sphere pyrolysis experiments, a distinct center temperature plateau appears at around 610 

~ 640K owing to endothermic reaction. Immediately after the endothermic reaction, the 

center temperature rises rapidly and exceeds the surface temperature due to the 

exothermic reaction. These experimental observations indicate that, from a thermal 

perspective, wood pyrolysis is apparently the combination of endothermic and 
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exothermic reactions in successive order. Similar observations have been reported in 

several literatures. (Koufopanos et al. 1991; Bilbao et al. 1996; Milosavljevic et al. 1996; 

Di Blasi et al. 2001; Strezov et al. 2003). Nonetheless, the wood pyrolysis models 

currently available do not account for this phenomenon well.  

The heat of pyrolysis, ‘ h∆ ’ of lignocellulosic materials found in the literature varies 

largely, depending on the type of material, experimental setup and conditions. In general, 

h∆  values are found in the range from 0 to +/-1500 kJ/kg. (Koufopanos et al. 1991)  

Bilbao et al. measured h∆  of Pinus Pinaster using DSC (differential scanning calorimeter) 

in order to use it as an input data for their wet wood pyrolysis model (Bilbao et al. 1996). 

Their results appeared for the first endothermic reaction stage of 274 /h kJ kg∆ =  up to 

60% conversion and the second exothermic reaction stage of 353 /h kJ kg∆ = −  during 

the remaining 40% reaction. They presumed that the first endothermic reaction 

corresponds to cellulose and hemicelluloses decomposition and lignin decomposition 

accounts for the second exothermic reaction. Di Blasi and colleagues reported that the 

inner core of the wood cylinder decomposition showed endo-/exothermic reactions. (Di 

Blasi et al. 2001) The two reactions are more distinguished for the lower heating rate 

cases. For the higher heating rate cases, more portions of the endothermic and exothermic 

reactions seem to be overlapped. Consequently, a smaller temperature peak at the center 

is observed during the exothermic reaction. They explained the thermal behaviors by the 

endothermic decompositions of holocellulose and extractives and the exothermic lignin 

decomposition. Koufopanos et al. also measured the center temperature of a dry wood 

cylinder during pyrolysis and obtained similar results with Di Blasi et al’s. (Koufopanos 

et al. 1991) However, they attributed the center temperature peak to the exothermic 

secondary reaction between volatiles and char. 

Strezov et al. measured h∆  of cellulose, hemicellulose, lignin and four different sawdust 

biomass samples in an IR furnace. (Strezov et al. 2003) They reported that all sawdust 

samples showed a similar thermal behavior pattern. Endothermic reaction begins at 

around 150 C  and then it shifted to predominantly exothermic from 250 C  up to 

470 C  with a single endothermic peak at 320 C  to 360 C . In the experiment of major 

biomass components, hemicellulose, cellulose and lignin decompositions began as 

endothermic up to 200 C . Hemicellulose and lignin decompositions showed two trough 
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exotherms, while cellulose decomposition showed a distinct endotherm at 330 C  

followed by an exotherm at 370 C .  They attributed the exothermic behavior to the 

exothermic tar cracking (Gronli et al. 2000) and the decomposition of dehydrocellulose. 

(Milosavljevic et al. 1995; Milosavljevic et al. 1996).  

 

4.2 Experiment setup 

Wood sphere pyrolysis experiments were conducted to measure weight and temperature 

changes of the sample during the process of thermal decomposition using the apparatus 

developed by the author. The schematic diagrams and picture of the apparatus are shown 

in Figures 4.1 ~ 4.3. A moisture free maple sphere of 25.4 mm diameter was heated in the 

vertical tube furnace at a temperature range of 638 ~ 879 K. The wood sphere sample 

before and after pyrolysis is shown in Figure 4.4. 

The tube furnace (model: Carbolite® GVA 12/300) consists of a mullite tube (length: 

558mm, inner diameter: 106mm, outer diameter: 114 mm), two electric heaters (total 

heating length: 300 mm, maximum operating temperature: 1200 C , total maximum 

power: 2,340 W), a temperature controller (model: Carbolite® type 301), insulators and a 

stainless steel outer casing. 

Weight loss of the sample was measured by a scale (model: Sartorius® 1409, maximum 

capacity: 610g, readability: 0.01g, measuring frequency: 2.5 Hz) positioned above the 

furnace. The weight data measured by the scale was transmitted to and recorded by a 

computer. 

Sample surface temperature was measured by a K-type thermocouple bead of ~ 0.2mm 

diameter. The bead was made by welding thin thermocouple wires of OMEGA® 

CHROMEGA® CH-002 (0.051mm diameter) and ALOMEGA® AL-002 (0.051mm 

diameter). The thermocouple bead was positioned in a tiny slit on the surface of the 

sample and fixed by glue, Elmer’s Glue® Multi-purpose. Temperatures inside the sample 

were measured at two locations, center ( 0)r = and middle 0( / 2)r r= by two thin sheathed 

K-type thermocouple probes (OMEGA® KMQXL-M025G-450, 0.25mm sheath diameter, 

450mm length) inserted though holes drilled in the sample. The positioning of 

thermocouples in the wood sphere is shown in Figure 4.5.  
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Furnace temperatures were monitored by eight thermocouples on the tube inside surface 

and two thermocouples on the top and bottom end insulating caps. The thermocouple 

wires used for the furnace temperature measurement were OMEGA® CHROMEGA® 

CH-005 (0.127mm diameter) & ALOMEGA® AL-005 (0.127mm diameter). The 

thermocouple junctions were made by welding. The resulting thermocouple junction bead 

size (diameter) was 4~5 times larger than thermocouple wire diameter.  The 

thermocouples were fixed on the furnace tube surface by cement. From temperature 

measurements at ten locations on the furnace, the effective furnace temperature fnT  is 

calculated by the following equation.  

( )4 0.25
fn i iFTT = ∑ ,  1 ~ 10i =          (4-1) 

where, iF  is the view factor between the ith section area of furnace inside surface and the 

sample surface.  (Siegel et al. 2002)  
Gas temperature near the sample was measured by a thermocouple of the same type as 

the surface thermocouple. Electric voltage signals from all thermocouples were processed 

to temperature data by two NI-SCXI-1112 (8 channels) boards installed in a PXI-1011 

chassis. Temperature data was recorded at 1 Hz frequency. 

Argon at ambient temperature was used to purge the furnace at a flow rate of 0.21 g/s to 

displace oxygen and carry away volatiles. The flow rate was controlled by a sonic orifice 

(hole diameter: 0.5mm) and pressure gauge (Omega® DPG 1200-10, pressure range: 0-

700 kPa, readability:1 kPa). The argon mass flow rate was calibrated using a bubble flow 

meter for the absolute pressure range of 200 ~ 420 kPa. (Figure 4.6) 

The wood species of the sphere used in the experiment is maple. The wood spheres were 

dried at a temperature of 115 C  for at least 3 hours before pyrolysis experiments to 

remove moisture. In order to avoid interference in the mass loss measurement due to the 

installation of temperature probes on the sample, mass measurements and temperature 

measurements were conducted separately for the same conditions. 
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Figure 4.1 Schematic diagram of the experimental apparatus 

 

thermocouple

heating elements

insulation

biomass
sample

scale

computer

temperature
measurement

exhaust

insulating top cap

heater
controller

sample
holder

sonic
orifice

pressure
gauge

valve

argon
tank

insulating bottom cap



72 

 
Figure 4.2 Photography of the apparatus 

 

 

Figure 4.3 Schematic diagram of the tube furnace 
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(a)                                                               (b) 

Figure 4.4 Wood sphere sample, (a) before pyrolysis, (b) after pyrolysis 
 

 

 

 
Figure 4.5 Thermocouples of wood sphere sample 
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Figure 4.6 Argon mass flow rate; sonic orifice hole diameter: 0.5 mm 

 

4.3 Experimental result 

Wood sphere pyrolysis experiments were conducted at six different furnace temperatures 

ranging from 638K to 879K. Weight measuring experiments were conducted twice for all 

furnace temperature conditions. Temperature measurement tests were conducted from 

one to five times depending on furnace temperature conditions. The number of 

experiment repetition are listed in Table 4.1.  

 

Table 4.1 Number of experiment repetitions 

 638K 688K 736K 783K 831K 879K 
weight 2 2 2 2 2 2 

temperature 2 3 3 5 2 1 
 

 

Solid mass fraction (Y = sample weight / initial sample weight)   is plotted in Figure 4.7. 

As the furnace temperature increases from 638K to 879K, the final char yield decreases 

from 31% to 17% of the initial sample mass, whereas mass loss rate increases. The wood 

sphere pyrolysis begins with low temperature hemicellulose decomposition showing mild 
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weight loss rate. As the temperature increases, cellulose starts to decompose and the solid 

mass fraction decreases rapidly. The majority of weight loss occurs during this period. 

After the completion of cellulose decomposition, the leftover lignin continues to 

decompose showing gradual weight loss rate again. 

 

 

 
Figure 4.7 Solid mass fraction measurements, temperature indicates the furnace 

temperature. 
 

Temperature measurements at the surface and the center of the sample are shown in 

Figure 4.8. The surface temperature rises quickly to a thermal equilibrium state between 
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after completion of endothermic reaction, the center temperatures rise steeply owing to 

the subsequent exothermic reaction. During the exothermic reaction, the center 

temperatures exceed the surface temperature by 10 ~ 70K except for 879K case. 
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reactions seem to be overlapped for high temperature cases as Di Blasi et al. reported. As 

a result, the center temperature plateau and peak become less distinct and smaller than 

those of lower temperature cases.  

 

 

 

Figure 4.8 Temperature measurements at center and surface 

Figure 4.9 shows sample temperatures at center, middle and surface locations for 

different furnace temperature conditions. Temperature plateau and peak of middle 

temperatures appear for low temperature cases, whereas they are not observed for high 

temperature cases. Temperature plateau and peak caused by endo-/exothermic reactions 

appear distinctly for the thick pyrolysis zone which occurs at the center location ( 0)r =  

for all temperatures. The pyrolysis zone becomes thinner at higher heating rates. 

Therefore, monotonic temperature rises were observed at the surface for all cases and at 

the middle ( )0 / 2r r=  for high furnace temperature cases. 
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Figure 4.9 Temperature measurements at center ( )0r = , middle ( )0 / 2r r=    and 

surface ( )0r r= ; (a) Tfn = 638K, (b) Tfn = 688K, (c) Tfn = 736K, (d) Tfn = 783K, (e) Tfn 
= 831K, (f) Tfn = 879K 
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Comparison between mass loss and temperature for the 688K case indicates that the 

temperature plateau corresponds to the second half of active mass loss period and gradual 

or negligible mass loss appears during the center temperature peak (Figure 4.10) This 

observation is consistent with the wood cylinder pyrolysis experiment of Koufopanos et 

al. shown in Figure 4.11. (Koufopanos et al. 1991)  

It is generally accepted that endothermicity of biomass pyrolysis is caused by the forming 

process of tar or volatiles. Meanwhile, several mechanisms have been reported to be 

responsible for the exothermcity of biomass pyrolysis such as exothermic lignin 

decomposition, secondary tar cracking reaction, dehydrocellulose decomposition to gas 

and char. These exothermic reaction mechanisms will be discussed in the next part of this 

chapter. 

 

 

 

Figure 4.10 Solid mass fraction and temperatures of wood sphere pyrolysis at 688K 

 

0 200 400 600 800 1000 1200
time (s)

300

400

500

600

700

800

te
m

pe
ra

tu
re

(K
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

so
lid

m
as

s
(Y

)

surface
temperature

center
temperature

middle
temperature

solid mass



   

F
te
S
(K

 

4

V

on

p

4

4

M

K

ch

by

o

ap

m

M

                   

Figure 4.11 
emperature
olid line: 
Koufopanos

4.4 Therm

Various exoth

n thermal ch

eak using th

4.4.1 Mode

4.4.1.1 Kin

Model-1 

Kinetics of m

hapter 2. Th

y three comp

f model-1 w

pparent woo

models have 

Mousques et 

          (a)    

Solid mas
 along the 
model pre

s et al. 1991

mal mech

hermic mech

haracteristics

hree different

el descript

netics mod

model-1 is th

he wood is si

petitive para

were obtain

od pyrolysis

been widely

al. 2001; Br

                   

ss fraction
axis during
ediction; d
) 

hanism of

hanisms wer

s of wood py

t types of mo

tion 

el 

he same as 

mply decom

allel 1st order

ned from w

s process w

y used. (Di B

ryden et al. 2

79 

                   

of wood c
g isotherma
dashed line

f wood p

re investigat

yrolysis and 

odels.  

the three-w

mposed to thr

r Arrhenius 

wood pyroly

well. For this

Blasi 1996; 

2002; Di Bla

                   

cylinders (d
al pyrolysis 
e and soli

yrolysis

ed numerica

the main ca

way parallel 

ree major pr

type reactio

ysis experim

s reason, m

Gronli et al

asi 2002; Par

              (b)

d=20mm) a
of (a) 623K

id squares:

ally to determ

ause of the ce

finite rate re

oducts, i.e., 

ns. As the k

ments, mode

model-1 type

l. 2000; Di B

rk et al. 2007

 

and norma
K and (b) 7
: experime

mine their ef

enter temper

eaction mod

tar, char and

kinetic param

l-1 account

e wood pyro

Blasi et al. 2

7) 

 

alized 
773K. 
ental. 

ffects 

rature 

del in 

d gas, 

meters 

ts for 

olysis 

2001; 



80 

 
Reaction rate k  is assumed to follow a 1st order Arrhenius type reaction with activation 

energy E  and pre-exponential constant A  as below: 
iE

RT
i i ak Ae ρ

−
=    ,  ,  i t g c=       (4-2) 

where, aρ  is the density of virgin wood. 

 

Model-2 

Wood consists of three major components: hemicellulose (25~35%), cellulose (40~50%) 

and lignin (16~33%). Each component shows different characteristics during its thermal 

decomposition. Hemicellulose decomposition occurs at 200 260 C C∼  and produces 

acetic acid. Cellulose decomposes to levoglucosan and dehydrocellulose at 240 C ∼

350 C . Lignin decomposes exothermally over a broad temperature range of 280 C ∼  

500 C  and produces more char than the other two components (Mohan et al. 2006). 

Model-2 regards wood as the mixture of three major components. Mixture type wood 

pyrolysis models have been used for various applications. (Orfao et al. 1999; Svenson et 

al. 2004; Boonmee et al. 2005) This model is useful to analyze the effect of individual 

component decomposition. In model-2, pyrolysis model and kinetic parameters of each 

component were chosen from the literature showing good agreement with the experiment 

of this work; hemicellulose (Varhegyi et al. 1989); cellulose (Capart et al. 2004); lignin 

(Chan 1981). Kinetics and other model parameters are listed in Table 4.2 ~ 4.4. Unlike 

model-1, the wood in model-2 decomposes to two products; char and volatiles accounting 

for the sum of gas and tar, because a three-product model is not available for 

hemicellulose and lignin. Also, the char yield γ  of model-2 is predetermined. The mass 

fractions among hemicelluloses (30%), cellulose (43.6% ) and lignin (26.4%) are taken 

from literature. (Sjostrom 1981) The portion of extractives is included in hemicelluloses. 

 

wood 

gas 

char 

tar 

kg 

kc 

kt 
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Hemicellulose 

Hemicellulose decomposition occurs in two steps. (Varhegyi et al. 1989) First, 

hemicellulose decomposes to volatiles and intermediate solid. Second, the intermediate 

solid decomposes to volatiles and char in the subsequent reaction.  

 

 
 

Table 4.2 Model-2 hemicellulose pyrolysis model parameters 

Reaction 1 2

( )1 iA s− 7.94 x 10
16 1.26 x 10

7 
( ) /iE J mol 195,000 96,000

γ  0.56 0.45
 

 

Cellulose  

Cellulose is modeled as the mixture of two components, cellulose-A and cellulose-B 

which are decomposed by different reactions which have more complicated form than 1st 

order Arrhenius type reaction. (Capart et al. 2004) Initial mass fractions of them are 

predetermined as ,0 ,0clA A clfρ ρ= , ,0 ,0clB B clfρ ρ= . h∆ ’s of the two reactions are assumed 

to be the same. 

 

( )1 0.99
i

ii

E
mni RT

i i i
d Ae
dt
ω ω ω

−
= − −                                  (4-3) 

where, 
,0

clA
A

clB

ρω
ρ

= , 
,0

clB
B

clB

ρω
ρ

= . 

hemicellulose

(1- γ1) volatiles
k1

γ1 intermediate solid

+ (1- γ2) volatiles
k2

γ2 char
+

celluloseA (1- γA) volatiles + γA char
A

celluloseB (1- γB) volatiles + γB charB
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Table 4.3 Model-2 cellulose pyrolysis model parameters 

Reaction A B

( )1 iA s− 7.94 x 10
16

1.26 x 10
7 

( ) /iE J mol 202,650 255,000

f 0.821 0.179

γ 0.087 0.087

n 1 22
m 0.481 1

 

Lignin  

Lignin decomposes to volatiles and char by single Arrhenius type reaction. (Chan 1981) 

 

 
 

Table 4.4 Model-2 lignin pyrolysis model parameters 

Reaction L

( )1 iA s− 5.09 x 10
5 

( ) /iE J mol 95,000

γ 0.335
 

Model-3 

Model-3 is an extended version of the Kilzer-Broido cellulose pyrolysis model to wood 

pyrolysis.(Kilzer et al. 1965)  Originally, the Kilzer-Broido model was postulated for 

three reactions of cellulose decomposition; the slightly endothermic reaction from 

cellulose to dehydrocellulose, the strong endothermic tar (mainly levoglucosan) 

formation from cellulose and the exothermic decomposition of dehydrocellulose to char 

and gas. Milosavljevic and colleagues reported that the enthalpy of cellulose pyrolysis 

becomes more endothermic as char yield decreases, based on their experiment and the 

literature. (Mok et al. 1983; Milosavljevic et al. 1996) Their experimental results support 

lignin (1 - γL) volatiles + γL char
kL



83 

the exothermic char formation mechanism of the Kilzer-Broido model. Wood pyrolysis 

experiments in this work showed similar thermal behavior with the cellulose pyrolysis 

experiment by Milosavljevic et al. One reason is that approximately half of the wood by 

mass consists of cellulose. Hence, it is plausible to apply the Kilzer-Broido type model to 

wood pyrolysis. In model-3, wood is pyrolyzed through two paths similar to Kilzer-

Broido model. One is an endothermic tar producing reaction and the other is an 

intermediate solid producing reaction which is assumed as an isothermal process. The 

intermediate solid, corresponding to dehydrocellulose in the Kilzer-Broido model, is 

decomposed into char and gas by exothermic reaction. Each reaction rate is assumed to 

follow a 1st order Arrhenius reaction. The activation energy of reaction 1 is taken from 

the tar producing reaction of model-1.  

 

 
 

Where, char yield of reaction 3 and gas is estimated as 0.65γ = .  

 

4.4.1.2 Mass conservation 

Mass conservation of each component is governed by diffusive and convective mass flux 

in gaseous phase and production or destruction owing to decomposition reaction. It is 

assumed that volume shrinkage does not occur. Material properties and reaction 

parameters used in equations are listed in Table 4.5.  

 

1) Solid phase components 

The mass change per unit volume of each solid phase component depends on pyrolysis 

reactions. 

 

 

 

wood
γ char + (1 - γ) gas

tar
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Model-1 

Virgin wood: ( )a
a t g c aS k k k

t
ρ ρ∂

= = − + +
∂

      (4-4) 

Char: c
c c aS k

t
ρ ρ∂

= =
∂

         (4-5) 

 

Model-2 

Hemicellulose: 1
hcl

hcl hclS k
t

ρ ρ∂
= = −

∂
       (4-6) 

Intermediate solid: 1 1 2
is

is hcl isS k k
t
ρ γ ρ ρ∂

= = −
∂

     (4-7) 

Cellulose: ,0
clA A

clA clA
dS

t dt
ρ ωρ∂

= =
∂

,  ,0
clB B

clB clB
dS

t dt
ρ ωρ∂

= =
∂

   (4-8) 

where, cl clA clBρ ρ ρ= +  

Lignin: l
l L lS k

t
ρ ρ∂

= = −
∂

        (4-9) 

Char: 2 2
c

c is A clA B clB L lS k S S S
t
ρ γ ρ γ γ γ∂

= = + + +
∂

     (4-10) 

 

Model-3 

Virgin wood: ( )1 2
a

a aS k k
t
ρ ρ∂

= = − +
∂

      (4-11) 

Intermediate solid: 2 3
is

is a isS k k
t
ρ ρ ρ∂

= = −
∂

      (4-12) 

Char: 3
c

c isS k
t
ρ γ ρ∂

= =
∂

        (4-13) 

 

2) Gaseous phase components 

Mass change per unit volume of each gaseous phase component can be expressed as the 

sum of mass flux through the control volume boundaries and mass generation in the 

volume due to pyrolysis reaction. The mass flux of each gaseous species consists of 

convective flux due to gas flow and diffusive flux due to diffusion among the gaseous 
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species. However, as the effect of the diffusion is very small compared to the convection, 

only the convective mass flux is considered here.  

 

Model-1 

Tar: ( ) ( )2
2

1t
t t t ar V S k

t r r
ερ

ρ ρ
∂ ∂

+ = =
∂ ∂

      (4-14) 

Gas: 
( ) ( )2

2

1g
g g g ar V S k

t r r
ερ

ρ ρ
∂ ∂

+ = =
∂ ∂

      (4-15) 

where, ε  is  porosity calculated by ( )1 1s
w

w

ρε ε
ρ

= − − . sρ  is total solid mass per unit 

volume, wε  is initial wood porosity, 0.4wε = . (Galgano et al. 2003) 

 

Model-2 

Volatiles: 

 
( ) ( )
( ) ( ) ( ) ( ) ( )

2
2

1 1 2 2

1

1 1 1 1 1

v
v v

hcl is A A clA B B clB L L l

r V S
t r r

k k k k k

ερ
ρ

γ ρ γ ρ γ ρ γ ρ γ ρ

∂ ∂
+ =

∂ ∂
= − + − + − + − + −

 (4-16) 

 

Model-3 

Tar: ( ) ( )2
12

1t
t t ar V S k

t r r
ερ

ρ ρ
∂ ∂

+ = =
∂ ∂

        (4-17) 

Gas: 
( ) ( ) ( )2

32

1 1g
g g isr V S k

t r r
ερ

ρ γ ρ
∂ ∂

+ = = −
∂ ∂

     (4-18) 

 

3) Pressure equation 

As the wood and char structure is composed of numerous tiny pores, the internal gaseous 

components flow is dominated by the viscous force. By neglecting inertial force, Navier-

Stokes equations are reduced to the balance between pressure gradient and viscous force. 

Therefore, the gaseous components flow velocity V
 
is calculated by Darcy’s law. 

B PV
rµ

∂
= −

∂
          (4-19) 
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where, µ  is viscosity. 

Permeability B  of partially pyrolyzed solid is linearly interpolated between char and 

virgin wood. 

( )1 w cB B Bη η= − +          (4-20) 

where,  the degree of pyrolysis is 1 a

w

ρη
ρ

= −  for model-1 and 1 a is

w

ρ ρη
ρ
+

= −  for model-2 

and model-3. 

Pressure of model-1 and model-3 is the sum of the partial pressures of tar and gas.  

t gP P P= +           (4-21) 

Gaseous components are assumed to behave as ideal gas. 

RTP
M
ρ

=           (4-22) 

where, M  and R  are molecular weight and universal gas constant. 

Combining equations (4-14) - (4-18) and (4-22) gives pressure equations. 

 

Model-1 & -3 

Tar Partial Pressure: 2
2

1t t
t

t

P BP P Rr S
t T r r T r M
ε

µ
 ∂ ∂ ∂  = +  ∂ ∂ ∂   

     (4-23) 

Gas Partial Pressure: 2
2

1g g
g

g

P BP P Rr S
t T r r T r M
ε

µ
   ∂ ∂ ∂

= +   ∂ ∂ ∂   
               (4-24) 

Model-2 

Pressure: 2
2

1
v

v

P BP P Rr S
t T r r T r M
ε

µ
 ∂ ∂ ∂  = +   ∂ ∂ ∂   

     (4-25) 

 

The pressure boundary condition at the surface is set to ambient pressure. 

0SP P=           (4-26) 
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4.4.1.3 Energy conservation 

The conservation of energy is governed by the change of energy stored in a volume, 

thermal conduction, convective flow of gaseous phase components and heat generation 

by pyrolysis reaction. In order to setup the energy equation, local thermal equilibrium 

between gaseous phase and solid phase components is assumed. The energy equations of 

three models are listed as follows.  

 

Model-1 

( ) ( ) 2
2

1
w a c c pg g pt t pg g pt t

T T T TC C C C C C V r Q
t r r r r

ρ ρ ε ρ ε ρ ρ ρ λ∂ ∂ ∂ ∂ + + + + + = + ∂ ∂ ∂ ∂ 
 

(4-27) 

where, heat generation is calculated as ( )t t g g c cQ S h S h S h= − ∆ + ∆ + ∆  and h∆  is the heat 

of pyrolysis at decomposition temperature. As a result, unlike ( )h T∆  in chapter 2 and 3, 

h∆  in this chapter is not a function of temperature.  

 

Model-2 

( ) 2
2

1
w hcl is cl l c c pv v pv v

T T T TC C C C V r Q
t r r r r

ρ ρ ρ ρ ρ ε ρ ρ λ∂ ∂ ∂ ∂  + + + + + + = +   ∂ ∂ ∂ ∂ 
  

           (4-28) 

where, ( ) ( )hcl is hcl clA clB cl l lQ S S h S S h S h= + ∆ + + ∆ + ∆ . 

 

Model-3 

( ) ( ) 2
2

1
w a w is c c pt t pg g pt t pg g

T T T TC C C C C C C V r Q
t r r r r

ρ ρ ρ ε ρ ε ρ ρ ρ λ∂ ∂ ∂ ∂ + + + + + + = + ∂ ∂ ∂ ∂ 
           (4-29) 

where, ( )1 1 2 2 3 3a isQ k h k h k hρ ρ= − ∆ + ∆ − ∆  

Specific heat capacity for solid components C  and constant pressure specific heat 

capacity pC  for gaseous components are functions of temperature. Effective thermal 

conductivity λ is calculated as the sum of solid and volatiles conductivity and radiation 

heat transfer through the pore. (Di Blasi 1996) 
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( )
313.51 w c v

T d
e
σλ η λ ηλ ελ= − + + +       (4-30) 

where, σ , e  and d  are the Stefan-Boltzmann constant, emissivity and pore size. 

Since heat is conducted in all three directions (radial, tangential and grain) in the sample, 

the thermal conductivity used for the 1-D model is found as the average value of three 

directions. , , ,( ) / 3w w radial w tangential w grainλ λ λ λ= + +       

 (4-31) 

, , ,( ) / 3c c radial c tangential c grainλ λ λ λ= + +        (4-32) 

Thermal energy flux through the wood sphere boundary surface is determined by external 

convective and radiative heat transfer conditions. 

( ) ( )4 4
g S f

T h T T e T T
r

σ∂
= − + −

∂
;     0( )r r=      (4-33) 

Surface emissivity is calculated as: (Galgano et al. 2003) 

( )

                                                   T 450
450         450  T 550

550 450
                                                  550  T   

S w S

S
S w c w S

S c S

e e K
Te e e e K K

e e K

= <
 − = + − ≤ ≤ −

= <

    (4-34) 

The surface heat transfer coefficient is estimated as 2  20 ( / )h W m K=  based on the 

temperatures of the sample surface, gas near the sample and the furnace.  
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Table 4.5 Material properties and kinetics parameters 

property value source 
wρ  

3630   ( / )kg m measured 

wC  1500 1.0    ( / )T J kgK+ (Gronli et al. 2000)

cC  
-4 2420 2.09 6.85 10     ( / )T T J kgK+ + × (Gronli et al. 2000)

ptC  ( )3 2100 4.4 1.57 10     /T T J kgK−− + − × (Gronli et al. 2000)

pgC  ( )4 2770 0.629 1.91 10    /T T J kgK−+ − × (Gronli et al. 2000)

pvC  0.85 0.15T Gc c+ estimated 
d  ( ) ( )5 45 10 1 1 10    mη η− −× − + × (Gronli et al. 2000)
e  1  (Chan et al. 1985) 
σ  

8 2 45.67 10      ( / )W m K−×  

,w radialλ  ( )0.1046    /W mK (Lee et al. 1976) 

,w grainλ  ( )0.255    /W mK (Lee et al. 1976) 

,w tangentialλ  ( )0.255    /W mK estimated 

,c radialλ  ( )0.071    /W mK (Lee et al. 1976) 

,c grainλ  ( )0.105    /W mK (Lee et al. 1976) 

,c tangentialλ  ( )0.105    /W mK estimated 

wB  
16 2  5 10 ( )m−× (Di Blasi 2000) 

cB  
13 2  1 10 ( )m−× (Di Blasi 2000) 

we  0.7  (Gronli et al. 2000)

ce  0.92  (Gronli et al. 2000)
h  

2  20 ( / )W m K estimated 
µ  

5   3.0 10 ( /  )kg m s−× (Kansa et al. 1977) 

gM    0.038 /kg mol (Gronli et al. 2000)

tM    0.11 /kg mol (Gronli et al. 2000)

vM    0.076 /kg mol (Fredlund 1988) 
R  8.314 /  J mol K  
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4.4.2 Results 

4.4.2.1 Heat of pyrolysis and pyrolysis rate 

Solid mass fraction and center temperature of model-1 are plotted in Figure 4.12. 

64 /h kJ kg∆ =  case shows good agreement with experiment for both mass loss and 

center temperature. In order to investigate the effect of ∆h variation, 136 /h kJ kg∆ = −  

and 264 /kJ kg  cases are compared. In addition, 420 /h kJ kg∆ =  case is also compared 

because 420 /h kJ kg∆ ∼  has been used several times in the literature: 430 kJ/kg (Chan 

et al. 1985) and 418 kJ/kg (Di Blasi 1993). The kinetics parameters used in model-1 are 

listed in Table 4.6. (Di Blasi et al. 2001). ∆h of all three reactions is assumed to be the 

same, as t g ch h h h∆ = ∆ = ∆ = ∆ .  

The slightly endothermic 64 /h kJ kg∆ = case agrees best among the four cases. More 

endothermic 264 /h kJ kg∆ =  and 420 /kJ kg cases show slower mass loss and longer 

center temperature plateaus below 600K. The exothermic 136 /h kJ kg∆ = −  case shows 

rapid mass loss and sharp center temperature peak without showing a temperature plateau. 

Time to 60% mass loss is compared in Table 4.7. A 200 kJ/kg increase of h∆  from the 

base case ( 64 / )h kJ kg∆ =  causes 30.7% longer time to 60% mass loss and a 200 kJ/kg 

decrease of h∆  from the reference case results in 25.5% shorter time. The range of h∆  

used for pyrolysis modeling found in the literature is 0 ~ 430 kJ/kg which is considerably 

wide. As shown above, h∆  has significant influence on pyrolysis rate. Therefore, the 

choice of appropriate heat of pyrolysis is important in a wood pyrolysis model.  

 

Table 4.6 Model-1 kinetics parameters 

Reaction c t g 
( )1 iA s−  3.27 x 10

6 1.08 x 10
10 4.38 x 10

9 
( ) /iE J mol  111,700 148,000 152,700 
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(a)       (b)  

Figure 4.12 Solid mass fraction (a) and center temperature (b) of model-1 (solid line) 
with various Δh; -136, 64, 264 and 420 kJ/kg and experiment (dotted line).  Furnace 

temperature: 688K 
 

Table 4.7 Time to 60% mass loss (Y = 0.6) 

( ) /h kJ kg∆  -136 64 264 420 experiment 

time (s) 318 427 558 664 418 

difference* (%) -25.5 0 30.7 55.5 -2.1 
* Time difference from 64 /h kJ kg∆ = case 

 

4.4.2.2 Exothermic reactions 

Exothermic reaction mechanisms presumed to cause exothermic thermal behavior of 

lignocellulosic material pyrolysis are the exothermic reactions of tar cracking, lignin 

pyrolysis and dehydrocellulose decomposition. Their effects were investigated to 

determine the mechanism of exothermic thermal behavior during wood pyrolysis. 

 

Secondary tar decomposition 

The exothermic effect of secondary tar decomposition has been investigated by the 

comparison between ‘without secondary tar decomposition’ (case A) and ‘with secondary 

tar decomposition’ (case B). This comparison was made based on model-1 with 

endothermic 64 /h kJ kg∆ =  for primary virgin wood decomposition. h∆  of secondary 
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tar decomposition found in the literature varies in the range of -20 ~ -50 kJ/kg. (Liden et 

al. 1988; Koufopanos et al. 1991; Gronli et al. 2000). Here, 42 /h kJ kg∆ = −  was chosen 

for secondary tar decomposition of case B. The kinetics parameters of secondary tar 

decomposition (Liden et al. 1988; Di Blasi 1993) are listed in Table 4.8. 

                           
(A) Case A: primary decompositions             (B) Case B: primary and secondary 

decompositions 

By adding the secondary tar decomposition mechanism, equations (4-5), (4-14) and (4-15) 

are modified for case B as shown below: 

2
c

c c a c tS k k
t
ρ ρ ρ∂

= = +
∂

        (4-35) 

( ) ( ) ( )2
2 22

1t
t t t a c g tr V S k k k

t r r
ερ

ρ ρ ρ
∂ ∂

+ = = − +
∂ ∂

       (4-36) 

( ) ( )2
22

1g
g g g a g tr V S k k

t r r
ερ

ρ ρ ρ
∂ ∂

+ = = +
∂ ∂

      (4-37) 

Also Q  of equation (4-27) is modified as  

( ) ( )2 2 2 2t t g g c c a c c g g tQ k h k h k h k h k hρ ρ= − ∆ + ∆ + ∆ − ∆ + ∆ . 

 

Table 4.8 Kinetics parameters of secondary tar decomposition for case B 

Reaction c2 g2

( )1 iA s− 1.00 x 10
5 4.28 x 10

6 
( ) /iE J mol 108,000 108,000

 

Temperatures at the center, middle and surface for case A and B are compared in Figure 

4.13. The temperature difference between case A and case B is hardly noticed, which 
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implies that the exothermicity of the secondary tar decomposition is not significant 

enough to cause a center temperature peak exceeding the surface temperature as observed 

in the experiment. Therefore, the center temperature peak in the experiment is caused by 

exothermic reactions other than secondary tar decomposition. 

 

 
Figure 4.13 Temperature comparison between case A and case B of model-1 at center, 

middle and surface; furnace temperature: 831K 
 

Lignin decomposition 

The exothermic lignin decomposition has been presumed to be responsible for the 

exothermic thermal behavior in the final stage of wood pyrolysis in several cases found in 

the literature (Bilbao et al. 1996). The effect of exothermic lignin decomposition has been 

studied using model-2 which consists of hemicellulose, cellulose and lignin pyrolysis 

models. The kinetics parameters of each model came from the literature as described in 

the previous section. On the other hand, the heat of pyrolysis, h∆  of hemicellulose, 

cellulose and lignin decompositions were found as 100, 280 and -350 kJ/kg by fitting 

with the experimental result. Figure 4.14 shows solid mass fraction comparison between 

the experiment and model-2 for different temperature conditions. Since pre-determined 

fixed char yield ratios are used for all three components pyrolysis models, the final char 
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of model-2 does not account for the final char yield variation for different temperature 

conditions. As a result, except for the 688K case, the final char of model-2 is 

considerably different from the experiment. Model-2 predicts faster solid mass loss rate 

in the beginning stage due to the hemicellulose pyrolysis model. Slow lignin 

decomposition results in a gradual slope in the final stage. In general, model-2 shows 

poor agreement of mass loss with the experiment. This discrepancy is believed to come 

from the following reasons. Pure cellulose, hemicellulose and lignin used to determine 

the kinetics model in literature do not have the same chemical structure with those 

existing in wood. The interaction among components would affect the individual 

pyrolysis of each component, which is not considered in model-2. However, the model-2 

results depict the characteristics of experimental solid mass loss in the beginning and the 

final stage better than model-1 owing to separate modeling of hemicellulose, cellulose 

and lignin.  

 

 

 
Figure 4.14 Solid mass fraction comparison between model-2 and experiment  (solid 

line: model-2, dotted line: experiment) 
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Figure 4.15 Center temperature comparison between model-2 and experiment (solid 

line: model-2, dotted line: experiment) 
 

Figure 4.15 shows center temperature comparison between model-2 and the experiment. 

The center ( 0r = ) temperature plateau of model-2 agrees well with the experiment for 

both temperature and time duration. Individual modeling of each component, especially 

cellulose decomposition which is strongly endothermic, enables good prediction of the 

center temperature plateau. On the other hand, the temperature rise after the plateau is 

gradual and the magnitude of the center temperature peak exceeding surface temperature 

is smaller compared with the experiment.  

Decomposition rates of three components at the center of the sphere are plotted in Figure 

4.16. Hemicellulose and cellulose decompositions appear as two distinct peaks in order. 

The cellulose decomposition peak corresponds to the center temperature plateau in Figure 

4.15. The result indicates the first half and second half of the main mass loss period 

corresponds to hemicellulose decomposition and cellulose decomposition. In the 

experiment, the center temperature plateau corresponds to the second half of main mass 

loss period. Therefore, the center temperature plateau is caused by endothermic cellulose 

decomposition and hemicelluloses decomposition is less endothermic than that of 

cellulose. 
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Lignin decomposition begins earlier and lasts longer than the other two components as it 

occurs over a wide temperature range. Since the lignin decomposition rate is less 

sensitive to temperature than other components, more lignin is left after the completion of 

endothermic cellulose decomposition for the 831K case than the 688K case. As a result, 

more exothermic effect appears for 831K than 688K, which is not consistent with the 

experiment which showed a more distinct center temperature peak for 688K. The center 

temperature rise after temperature plateau is gradual, owing to steady exothermic lignin 

decomposition. Since the center temperature rise pattern of model-2 is different from that 

of the experiment, it is concluded that the exothermic behavior of the experiment is not 

mainly caused by exothermic lignin decomposition. 

 

         
(a)                                                                        (b) 

Figure 4.16 Decomposition rate of three components at the center of the wood 
sphere; Furnace temperature (a) 688K, (b) 832K, Model-2 

 

Intermediate solid decomposition 

Regarding cellulose pyrolysis, exothermic reaction after the endothermic reaction has 
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decomposition of dehydrocellulose to char and gas by several researchers. (Milosavljevic 

et al. 1996; Strezov et al. 2003)  Since cellulose comprises as approximately half of the 

wood mass, it is plausible to assume wood pyrolysis process as similar to cellulose 

pyrolysis. The effect of the exothermic intermediate solid (corresponding to 
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model-3 to determine its role in the exothermic behavior of the wood pyrolysis. Kinetic 

parameters used in model-3 are listed in Table 4.9. Activation energy E1 is taken from the 

tar producing reaction of model-1. Other kinetic parameters and h∆  are found by fitting 

with the experimental result. 

 

Table 4.9 Model-3 kinetic parameters and ∆h 

Reaction 1 2 3 
( )1 iA s−  2.00 x 10

10 2.51 x 10
7 1.38 x 10

10 
( ) /iE J mol  148,000 117,000 161,000 
( ) /h kJ kg∆  110 0 -210 

 

 
Figure 4.17 Solid mass fraction comparison between model-3 and experiment (solid 

line: model, dotted line: experiment) 
 

Solid mass fraction of model-3 shows good agreement with the experiment in Figure 4.17, 

except for the 638K case. The center temperature peak of model-3 agrees well with the 

experiment (Figure 4.18). In addition, model-3 shows a decrease of the temperature peak 

magnitude with higher temperature as shown in the experiment.  
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The idea of the exothermic secondary decomposition of primary solid product is plausible 

for the following reasons. (i) The center temperature peak appears after the active mass 

loss process and only small or negligible mass loss occurs during the exothermic reaction 

period. This indicates that the reactant of the exothermic reaction is in solid phase and the 

product of exothermic reaction is also mainly in solid phase, i.e. char. (ii) Exothermicity 

increases with the increase of char yield. (iii) The endothermic reaction and the 

exothermic reaction occur in consecutive order.  

 

 
 

Figure 4.18 Center temperature comparison between model-3 and experiment (solid 
line: model, dotted line: experiment) 

 

From the relationship between char yield and furnace temperature, it is indicated that the 

char producing process prefers lower temperature, whereas volatiles generation is 

promoted at higher temperature. Thus, the char producing reaction begins earlier than the 

volatiles generation. However, the exothermic reaction related to char occurs in the final 

stage of pyrolysis. Therefore, the exothermic reaction cannot be the primary char forming 

reaction which is competing with the volatiles producing reaction from virgin wood. 
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observations should be two step reactions whereby an intermediate solid is introduced. 

The first reaction is virgin solid to intermediate solid conversion which is competing with 

volatiles forming reaction and prefers lower temperature. This non-exothermic reaction 

determines char yield. The second reaction is the exothermic conversion from 

intermediate solid to char or both char and gas as in model-3. 

On the other hand, the center temperature plateau of model-3 is not as distinct as that of 

model-2, because wood is modeled as a single material as in model-1. In general, 

satisfactory model prediction for both thermal behavior and mass loss was achieved by 

model-3.  

Koufopanos and colleagues developed a wood pyrolysis model which has two competing 

endothermic primary reactions generating first products and a secondary exothermic 

reaction converting first char and volatiles to second char and volatiles. In Figure 4.11, 

their model showed good agreement of center temperature peak with wood cylinder 

experiment owing to endothermic primary reactions and exothermic secondary reaction 

mechanism which is similar to model-3. (Koufopanos et al. 1991)  

 

 
 

From the results of model-3 and the model of Koufopanos et al., it was shown that the 

exothermicity appearing after the endothermic reaction of wood pyrolysis is attributed to 

exothermic intermediate solid decomposition to char and gas, corresponding to the 

reaction of first char to second char in Koufopanos’s model.  

 

4.5 Modeling of endo-/exothermic wood pyrolysis 

A novel wood pyrolysis model was proposed based on the experimental and theoretical 

results of this work. This model should account for endo-/exothermic thermal behavior 
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and solid mass loss measured in the experiment. In addition, the model should predict 

products yield well for the application of liquid bio-fuel research. 

It has been known that gas yield increases at higher temperature, which is the opposite to 

char yield. In model-3, since both char and gas are produced from the intermediate solid 

at a fixed ratio between them, its gas yield is not realistic. Thus, it is more plausible that 

the gas producing reaction is one of the primary competing reactions rather than the 

secondary decomposition of the intermediate solid.  

The proposed wood pyrolysis model has a similar form as model-1 except for two-step 

char producing reactions which is similar to model-3. Primary (or first step) reactions are 

endothermic and second step reaction producing char is exothermic. Though a mixture 

type model (model-2) can depict thermal characteristics of wood pyrolysis better than a 

single reactant model, especially for solid mass loss at the beginning and final stages and 

center temperature plateau, it is not considered in the proposed model due to lack of its 

quantitative accuracy. 

 

Model-A 

Model-A is a modified form of model-1 which employs a two-step char producing 

reaction similar to model-3. However, unlike model-3, intermediate solid is converted 

into char only and gas is produced directly from virgin wood by a primary reaction. 

Kinetics parameters of primary reactions t, g and is come from model-1 except for isA  

which is adjusted by experimental mass loss data from this work. Kinetic parameters of 

reaction c come from reaction 3 of model-3. Kinetic parameters of model-A are listed in 

Table 4.10. 

 
By introducing intermediate solid to char producing reaction, mass equations of virgin 

wood, intermediate solid, char and gas are modified as shown below: 
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Virgin wood: ( )a
a t g is aS k k k

t
ρ ρ∂

= = − + +
∂

      (4-37) 

Intermediate solid : is
is is a c isS k k

t
ρ ρ ρ∂

= = −
∂  

     (4-38) 

Char: c
c c isS k

t
ρ ρ∂

= =
∂

        (4-39) 

The tar and gas partial pressure equations are the same as those of model-1. Energy 

equation is the same as that of model-3. However, Q  of equation (4-29) is modified as: 

( )t t g g is is a c is cQ k h k h k h k hρ ρ= − ∆ + ∆ + ∆ − ∆  

 

Table 4.10 Model-A kinetic parameters and ∆h 

Reaction t g is c 
( )1 iA s−  1.08 x 10

10
4.38 x 10

9 3.75 x 10
6

1.38 x 10
10

( ) /iE J mol  148,000 152,700 111,700 161,000 
( ) /ih kJ kg∆  80 80 80 -300 

 

The primary reactions t, g and is have the same endothermic heat of pyrolysis, 

  80 /h kJ kg∆ =  and the second step exothermic reaction c has h∆  of 300 /kJ kg− . 

These values were determined for the best match with the experiment. 

Solid mass fraction is compared between model-A and the experiment in Figure 4.19. In 

general, good agreement of solid mass loss was achieved between model-A and the 

experiment except for the 638K case. 736K and higher temperature cases show better 

agreement with the experiment than lower temperature cases. However, the solid mass 

loss characteristics of the beginning and the final stages shown in the experiment are not 

predicted well in model-A. Solid mass of model-A remains constant until the initial mass 

loss begins, whereas slight solid mass loss was observed from the beginning of the 

experiment. In the final stage of wood sphere pyrolysis, model-A shows obvious very 

distinct end of solid mass loss, whereas gradual solid mass loss lasted for a while in the 

experiment. This discrepancy is attributed to the limitation of the 1st order Arrhenius type 

kinetics scheme focusing on the main portion of the pyrolysis. (Di Blasi et al. 2001) 
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Consequently, the kinetics scheme better represents the cellulose decomposition which is 

the main part of the wood pyrolysis. On the other hand, low temperature hemicellulose 

decomposition in the beginning stage and high temperature lignin decomposition in the 

final stage are not taken into account well in model-A. Large solid mass discrepancy 

between model-A and 638K case of the experiment is attributed to incapability of model-

A for low temperature pyrolysis. Final product fractions of model-A are listed in Table 

4.11. As temperature increases, more tar and gas and less char are produced. 

 

Table 4.11 Final product fractions of model-A 

 638K 688K 736K 783K 831K 879K 
Tar 0.615 0.652 0.671 0.685 0.695 0.703 

Char 0.286 0.240 0.216 0.198 0.185 0.174 
Gas 0.098 0.108 0.113 0.117 0.120 0.123 

 

Center temperature comparison between model-A and experiment shows good agreement 

in Figure 4.20. The center temperature peaks are well predicted by employing the two-

step char producing reactions. The center temperature plateaus of model-A are not as 

distinct as shown in the experiment. The approximation of single wood reactant lead to 

the gradual center temperature change during endothermic pyrolysis rather than distinct 

plateau shape observed during the experiment.  
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Figure 4.19 Solid mass fraction comparison among model-A, model-B and 
experiment (circle: model-A, solid line: model-B, dotted line: experiment) 

 

 

 
Figure 4.20 Center temperature comparison among model-A, model-B and 
experiment (circle: model-A, solid line: model-B, dotted line: experiment) 
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Model-B 

Model-B is a modified form of model-A which adda secondary tar decomposition 

reactions to char and gas to account for tar cracking. As shown in the previous section, 

secondary tar decomposition has little effect on the thermal behavior of the wood 

pyrolysis; however, it has considerable influence on products yield, especially for tar and 

gas yields at high temperature. The kinetic parameters and h∆  of tar cracking reactions 

of model-B are the same as those used in model-1 case (B). They are listed in Table 4.12. 

Since the reaction rate of g2 is 43 times larger than that of c2, secondary tar cracking 

produces mainly gas and little amount of char. As a result, secondary tar cracking is 

important in determining the ratio between tar and gas and has little effect on char yield.  

 
The energy equation is the same as that of model-A. By two-step char producing reaction, 

Q  of equation (4-29) is modified as:  

( ) ( )2 2 2 2t t g g is is a c is c c c g g tQ k h k h k h k h k h k hρ ρ ρ= − ∆ + ∆ + ∆ − ∆ − ∆ + ∆  

     

Table 4.12 Model-B kinetic parameters and ∆h 

Reaction t g is c c2 g2 

( )1 iA s−  1.08 x 10
10

 4.38 x 10
9

3.75 x 10
6
 1.38 x 10

10
 1.0 x 10

5
 4.28 x 10

6
 

( ) /iE J mol  148,000 152,700 111,700 161,000 108,000 108,000 

( ) /ih kJ kg∆  80 80 80 -300 -42 -42 

 

Table 4.13 Final product fractions of model-B 

 638K 688K 736K 783K 831K 879K 
Tar 0.605 0.643 0.658 0.663 0.659 0.644 
Char 0.287 0.240 0.216 0.198 0.185 0.175 
Gas 0.108 0.117 0.126 0.138 0.156 0.181 

wood

char

tar

intermediate solid

kg

kis

kc

kt

gas

kc2

kg2
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Solid mass fraction and center temperature of model-B are compared with model-A and 

the experiment in Figure 4.19 and 4.20. Model-A and model-B show nearly the same 

results for both solid mass fraction and center temperature. Thus, the secondary tar 

decomposition has little effect on temperature and solid mass loss of wood pyrolysis. 

Final product fractions of model-B are listed in Table 4.13.  

Final product fractions of model A and B are also plotted in Figure 4.21. For furnace 

temperatures higher than 750K, secondary tar decomposition influences tar and gas yields. 

Tar yield of model-B decreases for temperature higher than 800K due to secondary tar 

decomposition. For the same reason, the gas yield of model-B increases at high 

temperatures. Models A and B show nearly the same char yields which indicates the 

negligible effect of secondary tar decomposition reaction on the char yield. 

 

 
Figure 4.21 Final product fractions of model A and B 
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4.6 Summary 

Pyrolysis of a wood sphere has been studied both experimentally and theoretically. 

Temperature measurements showed two distinct thermal behaviors during wood 

pyrolysis. First, endothermic reaction causes a center temperature plateau. During this 

period, a large amount of solid mass loss occurs. Second, a steep temperature rise and a 

center temperature peak exceeding surface temperature occur after the center temperature 

plateau. A small or negligible amount of solid mass loss occurs during this exothermic 

reaction period. Therefore, the endothermic period corresponds to primary reactions of 

active volatiles generation, especially cellulose decomposition, and the exothermic period 

corresponds to intermediate solid conversion to final char. 

Numerical study of various exothermic mechanisms revealed that exothermic 

intermediate solid decomposition is responsible for the center temperature peak. The 

contribution of secondary tar decomposition and lignin decomposition to the center 

temperature peak is small.  

The results of the mixture model (model-2) indicate that endothermic cellulose 

decomposition is responsible for the center temperature plateau.  

A novel wood pyrolysis model is proposed based on the experimental and theoretical 

study of this work. The model consists of three endothermic parallel reactions for tar, gas 

and intermediate solid and a subsequent exothermic reaction of the intermediate solid to 

char conversion. Comparison between the model and experiment showed good agreement 

with both the thermal behavior and the solid mass loss. 

Adding the secondary tar decomposition mechanism to the model showed significant 

difference in gas and tar yields for high temperature. For the applications focusing on 

products yield such as liquid bio-fuel research, a secondary tar decomposition mechanism 

should be included. 
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Chapter 5 

 

Three Dimensional Arbitrary Geometry Pyrolysis 

Model 
 

A three dimensional pyrolysis model for charring material was developed based on 

model-B of chapter 4. The governing equations are numerically solved by finite 

difference method. Detailed discretization of the governing equations is explained in 

Appendix E. 

The front tracking method of chapter 2 was used to define the arbitrary geometry external 

boundary surface. Since a finite rate kinetics model is used, there is no need to track char 

/ virgin solid interface. The front tracking method is used to solve governing equations at 

boundary adjacent nodes and to impose boundary conditions at the boundary nodes. 

As an application of this model, the wood sphere pyrolysis of chapter 4 was solved and 

compared with the one dimensional model. Analysis conditions were the same as model-

B in chapter 4. Furnace temperature was 688K. Grid size was 31 x 31 x 31. In order to 

reduce computational load, one eighth volume of the sphere was solved using symmetry 

conditions as shown in Figure 5.1.  

Iso-pressure surface of P/P0 = 1.007 at time = 300 seconds is shown in Figure 5.1. Since 

the pressure is slightly higher than ambient pressure P0, the iso-pressure surface is close 

to the boundary surface of the wood sphere. 

Figure 5.2 and 5.3 show temperature and pressure distribution inside the sphere at time = 

300 seconds. Comparison between 1-D model and 3-D model for temperature and 

pressure are presented in Figure 5.4 and Figure 5.5. Excellent agreement was achieved 

between them.   
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Figure 5.1 Iso-pressure surface (P/P0 = 1.007, P0 = 101,300 Pa); time = 300 seconds, 

Tfn = 688K 

 

 

 
Figure 5.2 Temperature contours inside the wood sphere; unit: K, time: 300 seconds, 

Tfn = 688K 
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Figure 5.3 Pressure contours inside the wood sphere; unit: Pa, time = 300 seconds, 

Tfn = 688K  
 

 

 
Figure 5.4 Temperature comparison between 1-D model and 3-D model at surface, 

middle and center (circle: 1-D, line: 3-D), Tfn = 688K 
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Figure 5.5 Non-dimensional pressure comparison between 1-D model and 3-D model 

at middle and center (circle: 1-D, line: 3-D; P0 = 101,300 Pa), Tfn = 688K 
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Chapter 6 

 

Conclusions and Future Work 
 

A theoretical and experimental study of charring material pyrolysis is presented in this 

thesis. The results of this work are applicable to both fire safety and biomass utilization 

applications. In this chapter, a summary of this work and major conclusions are presented 

and followed by suggestions for future work. 

 

6.1 Summary 
 

A detailed numerical study on the pyrolysis of charring solids undergoing opposed flow 

flame spread was conducted to provide in-depth understandings of various aspects of the 

charring process including temperature distribution, char density distribution and depth, 

pressure built-up and gaseous fuel emitted from the solid surface. Investigation of various 

simplified models was performed by comparison with the detailed model. A front 

tracking technique based on the finite difference method was applied to the infinite rate 

kinetics model for the two-dimensional charring problem. Comparison between model 

results and an analytical model for char thickness and pressure verified the accuracy of 

the numerical models. 

A method for determining the pyrolysis temperature by enforcing mass and energy 

balance was proposed and validated by comparison with the decomposition kinetics 

model and the experiments. Extensive numerical studies on various factors influencing 

pyrolysis were conducted to investigate their effects on the pyrolysis temperature. A non-

dimensional correlation was developed to determine an appropriate pyrolysis temperature 
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without solving finite-rate models. The proposed correlation was used to predict the 

results of wood cylinder pyrolysis experiments.  

Investigation of the  thermal mechanism of wood pyrolysis was conducted by wood 

sphere pyrolysis experiments and numerical model analysis. During the experiment, a 

maple wood sphere was pyrolyzed in the tube furnace and its weight loss and temperature 

change were measured. The thermal mechanism of wood pyrolysis was determined by 

numerical model analysis. Based on the results, a novel wood pyrolysis model was 

proposed. The model consists of three endothermic parallel reactions producing tar, gas 

and intermediate solid and a subsequent exothermic reaction of the intermediate solid to 

char conversion. 

A three dimensional charring material pyrolysis model for arbitrary geometry was 

developed using the finite rate kinetics model. Boundary geometry was rendered by the 

front tracking method. 3-D wood sphere pyrolysis was conducted and compared with a 1-

D model for temperature and pressure. 

 

6.2 Conclusions 
 

Charring solids undergoing opposed flow flame spread 

It was shown that a large amount of pyrolysis occurred near the flame foot. As a result, a 

gaseous fuel generation peak appeared near the flame inception. Pressure rises with depth 

in the char layer and pyrolysis zone with the highest pressure occurring at the bottom of 

the pyrolysis zone. Since pyrolysis occurs at lower temperature due to the lower heating 

rate in the deeper region, it was found that the char density increases with depth. 

The global reaction model showed excellent agreement with the parallel reaction model 

in the char layer thickness, but predicted a slightly higher pressure in the char and 

pyrolysis zones. The infinite reaction rate model predicted a thicker char layer in the 

region near the flame foot and a thinner char layer in the far downstream region due to 

constant pyrolysis temperature. It shows lower pressure in the char than the finite rate 

models. The simplified energy model predicted a slightly thicker char layer and higher 
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pressure than the detailed energy model because it does not account for energy carried by 

volatiles leaving the charring solid at surface temperature.  

 

Determination of pyrolysis temperature 

The energy and mass balanced pyrolysis temperature is expressed in the form of 

pyrolysis rate weighted average temperature for the entire charring process. A 

comparison between the energy-and-mass-balanced pT   and a constant pT  showed that 

the proper pyrolysis temperature varies depending on the pyrolysis conditions, and the 

pyrolysis-front model using the energy-and-mass balanced pT  agreed well with the finite 

rate model. Extensive numerical studies on various factors influencing pyrolysis showed 

that heat flux, sample size, heat of pyrolysis and kinetic parameters are the most 

important for determining an appropriate pyrolysis temperature. Based on the results of 

this parametric study, a non-dimensional correlation was derived to determine an 

appropriate pT  without solving the problem by finite-rate models. Excellent agreement 

between pyrolysis front model results and experiments for wood cylinder pyrolysis (Di 

Blasi et al. 2001) validates both the correlation and the mass-and-energy-balanced 

pyrolysis temperature concept.  

 

Experimental and theoretical investigation of wood pyrolysis 

The wood sphere pyrolysis experiment showed two distinct thermal behaviors: (i) where 

the center temperature plateau is caused by an endothermic reaction, and (ii) where the 

center temperature peak exceeds the surface temperature. Comparison between 

temperature and mass loss measurements indicated that the endothermic reaction period 

corresponds to active volatiles generation and the exothermic reaction period corresponds 

to little or negligible volatiles generation. 

From numerical model analysis, the following findings were obtained about the thermal 

behavior mechanisms: (i) The contributions of secondary tar decomposition and lignin 

decomposition to the center temperature peak are small. (ii) Exothermic intermediate 

solid decomposition is responsible for the center temperature peak. (iii) The center 

temperature plateau is caused by endothermic cellulose decomposition.  
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The proposed wood pyrolysis model consisting of three endothermic parallel reactions 

for tar, gas and intermediate solid and a subsequent exothermic reaction of the 

intermediate solid to char conversion, showed good agreement with the experiment for 

solid mass loss and the center temperature peak. The secondary tar decomposition 

mechanism is important for the prediction of gas and tar yields at high temperature over 

750K.  

 

6.3 Contributions 

The major contributions of this study are identified as following:  

1. Charring solid: A comprehensive numerical analysis was conducted to provide 

detailed understandings of the pyrolysis of charring solid under flame spread. To the 

author’s knowledge, this is one of the first studies of detailed physics including 

volatiles convection and pressure analysis for charring solid under flame spread. 

2. Simplified model: Characteristics of simplified models were investigated to provide 

guidance for choosing an appropriate model ensuring accuracy and reducing 

computational load for flame spread applications. It was shown that a global reaction 

model combined with a detailed energy model and detailed reaction model combined 

with a simplified energy model provides reasonable predictions consuming 

significantly less computational effort without significant loss of accuracy compared 

to the detailed model. These simplified models could be especially useful for 

building fire analysis which requires huge computational effort. 

3. Pyrolysis temperature: A method to determine a proper pyrolysis temperature 

considering pyrolysis conditions was proposed and validated. This method improves 

the accuracy of the pyrolysis front model significantly. The most important 

advantage of the method is determining an appropriate pyrolysis temperature for the 

entire charring process without experiment or finite rate solution. 

4. Exothermic reaction: This is one of the first studies to examine the mechanism of 

exothermic reaction during wood pyrolysis. It was determined that the char is formed 

by two step reactions and the exothermic reaction is intermediate solid to char 

conversion which is the second step of the char forming process. 
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5. Wood pyrolysis model: A new wood pyrolysis model was proposed based on the 

results of experimental and theoretical studies of wood pyrolysis. This model 

provides an improved prediction for both endothermic and exothermic thermal 

behaviors of wood pyrolysis from existing pyrolysis models. This model could be 

useful for liquid bio-fuel research which requires detailed physics of wood particle 

pyrolysis. 

6. Interface treatment: A char / virgin solid tracking method for the pyrolysis front 

model was developed based on Jung’s front tracking method (Jung 2000). This 

method was also extended in three dimensions to define the arbitrary geometry 

boundary surface of a 3-D wood pyrolysis model. This method could be useful for 

the analysis of various geometry liquid bio-fuel reactor feed stock pyrolysis.  

 

6.4 Future work 

Further studies regarding this work are recommended for a curved geometry charring 

solid under flame spread, pre-determined char yield of simplified kinetics model, 

chemical analysis of wood pyrolysis volatiles depending on pyrolysis conditions, the 

effect of oxygen on wood pyrolysis and its products, and the effect of geometry and 

anisotropic properties of biomass reactor feed stock on pyrolysis. 

 

It is well known that downward flame spread speed on the surface of curved charring 

material is faster than on a flat surface (Drysdale 1999). Hwang investigated the effect of 

curvature by downward flame spread experiments on vertical wood cylinders of various 

radii (S-.J. Hwang, internal communication). In his experiment, measurements were 

conducted on surface temperatures, flame spread speed, flame height from the inception 

location and char depth. Numerical analysis of a curved charring solid with detailed 

physics could provide in-depth understanding of fuel generation and liberation on the 

surface, heat transfer and pressure generation which are difficult to be measured in the 

experiment. Therefore, the mechanism of downward flame spread on curved charring 

material would be investigated based on the numerical results and experimental 

measurements.  
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The advantage of a simplified pyrolysis model is to achieve reasonably good results with 

significantly reduced computational effort. As the simplified models are based on 

simplifying assumptions which are represented by pre-determined parameters such as 

pyrolysis temperature and constant char yield, the choice of proper pre-determined 

parameters is critical for the accuracy of the simplified models. A method for determining 

a proper pyrolysis temperature for the pyrolysis front model was developed in chapter 3. 

As shown in chapters 2 and 4, char yield varies significantly depending on the pyrolysis 

conditions. Therefore, as with pyrolysis temperature, a method to determine the 

appropriate char yield needs to be developed. This task is expected to be more 

complicated than the pyrolysis temperature case because it involves with the detailed 

parallel competing reactions model. Thus, the kinetic parameters of multiple reactions 

need to be considered for the determination of char yield. 

 

As shown in this study, wood pyrolysis products yield varies depending on pyrolysis 

conditions. There have been many quantitative studies on variation of large categories of 

pyrolysis products, i.e. tar, gas and char (Di Blasi et al. 2001; Di Blasi et al. 2001; Rath et 

al. 2002). Since tar also contains non-fuel substances such as water, analysis of detailed 

chemical composition of volatile products is necessary for liquid bio-fuel research with 

the collaboration of chemical engineers. Also, quantitative studies on its variation 

depending on pyrolysis conditions using gas chromatography and liquid chromatography 

are required to find optimal pyrolysis conditions for maximum liquid bio-fuel yield.  

 

For large scale industrial applications, it is difficult or uneconomical to displace oxygen 

completely using inert gas from the biomass reactor which produces liquid bio-fuel from 

biomass. Oxygen has a significant influence on various aspects of wood pyrolysis. 

Kashiwagi and colleagues conducted pine wood cube pyrolysis experiments in various 

atmosphere of air, a mixture of 10.5% O2 / 89.5% N2 and 100% N2.  They reported that 

volatiles production rate, temperatures and volatile products composition of wood 

pyrolysis varies largely depending on atmosphere in the reactor (Kashiwagi et al. 1987). 

Atreya et al. proposed a new concept of biomass reactor which uses char combustion gas 
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to heat up and decompose the biomass feed stock (Atreya et al. 2003). The advantages of 

this concept are: (i) no external heat supply is required for the operation except to start it 

up; (ii) oxygen in the air is converted to CO2. The resulting high temperature gas consists 

of mostly N2 and CO2. In addition, CO and extra O2 are also expected to exist in the hot 

gas. The effect of char combustion gas on wood sample pyrolysis could be investigated 

using the experimental apparatus with modification of the purging gas feeding system 

and installation of volatile products collecting system.  

 

As important feature of biomass is its anisotropic properties due to grain direction. In the 

case of wood, thermal conductivity in the tangential direction is 0.5 ~ 0.9 times that in the 

radial direction. In the longitudinal direction, it is 1.75 ~ 2.25 times that in the radial 

direction (Griffith et al. 1923). The permeability of wood in the longitudinal direction is 

three or four orders higher than that in the tangential direction (Bjorklov-Marlin 1985). 

Larfeldt et al. remarked that one explanation of the discrepancy in measured and modeled 

data is the anisotropy of wood samples in which the axial gas flow due to finite length is 

likely to influence pyrolysis (Larfeldt et al. 2000). The effects of anisotropic properties 

make it hard to regard the biomass pyrolysis as a one-dimensional reaction which has 

been assumed by most biomass pyrolysis models.  

Many models have been suggested for the pyrolysis of a single wood particle. Most of 

them are based on one-dimensional geometry including an infinite slab, an infinite 

cylinder and a sphere. Few models have been developed for multi-dimensional geometry; 

however, they had uniform boundary conditions and isotropic characteristics.  

Using the 3-D pyrolysis model developed in this work, the effects of multi-dimensional 

geometry and anisotropic properties of charring materials could be studied. The results 

could be utilized for a variety of applications; optimization of the particle shape of 

biomass feed stock for efficient liquid bio-fuel conversion, prediction of the combustion 

behavior of wood structure in a fire, and investigation of the discrepancy in measured and 

one dimensionally modeled data. To author’s knowledge, no study has developed a three-

dimensional biomass pyrolysis model including anisotropic characteristics and non-

uniform boundary conditions. 
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Appendices 
 

Appendix A   Parallel / global reaction & simplified energy model 

Energy equation 

( ) ( ) ( ) 0w w c c fsT C C V T Q Tλ ρ ρ∇• ∇ − + •∇ + =      (2-30) 

With the time dependent term added, energy equation (2-30) is discretized for two 

dimensions. 
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After rearrangement, the new time step temperature is found as the following equation. 
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Appendix B   Global reaction & detailed energy model 

Energy equation 

( ) ( ) ( ) 0a w c c v v fs v v
BT C C C V T C P T Q Tλ ρ ρ ερ ρ
µ

∇• ∇ − + + •∇ + ∇ •∇ + =   (2-23) 

With  the time dependent term added, energy equation (2-23) is discretized for two 

dimensions. 
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−
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    (B-1) 

where, 

( ) ,
,

,

i j
x v v i j

i j

B PJ C
x

ρ
µ

∂
=

∂
 ,     ( ) ,

,
,

i j
y v v i j

i j

B PJ C
y

ρ
µ

∂
=

∂
     (B-2) 

    
 

After rearrangement, the new time step temperature is found as the following equation. 

( )1, 1 1, 1, 1, 1,
, 1, 1, , 1 , 1

1n m n m n m n m n m
i j i j i j i j i jT BT CT DT ET F

A
+ + + + + +

− + − += + + + +     (2-46) 

where, 

( )1/2, 1/2, , 1/2 , 1/2
2 2 ,
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JV J
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x y t x y
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ρ ρ ερ
δ δ δ δ

+ − + −+ +  + 
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∆ 
,
 

( ) ( )1/2, ,
2

max ,0a w c c v v fs xi j i j
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B
x x

ρ ρ ερλ
δ δ
−
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( )1/2,
2

max ,0i j xJ
C

x x
λ
δ δ
+= + ,

 

( ), 1/2
2

max ,0yi j J
D

y y
λ
δ δ

− −
= + , 

( ), 1/2
2

max ,0yi j J
E

y y
λ
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+= + , 

( ) ,
, ,

a w c c v v i j n
i j i j

C C C
F Q T

t

ρ ρ ερ+ +
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∆
      (B-3) 

 

Pressure equation 

0fs a
v

BP P RP V v S
T T M

ε
µ

   ∇• ∇ −∇ • − =  
  

       (2-23) 

With the time dependent term added, pressure equation (2-23) is discretized for two 

dimensions. 

( ) ( )

( )
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, ,1, 1

, ,1,
, ,
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+
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1/2

1, 1,
1, 1,1, 1,

1, 1, , ,1, 1,
1, 1,2

n m
n m n m

i j i j

n m n m
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−
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   (B-4) 

where, 
1, 1, 1,

, , 1, 1,
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1
2

n m n m n m
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+ +
− −−
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 (B-5) 

After rearrangement, the new time step pressure is found as the following equation. 

( )1, 1 1, 1, 1, 1,
, 1, 1, , 1 , 1

1n m n m n m n m n m
i j i j i j i j i jP BP CP DP EP F

A
+ + + + + +

− + − += + + + +
     (B-6) 
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where, 
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2
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,
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,

n
i j n
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RF S P
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ε
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Appendix C   Infinite rate reaction & detailed energy model 

Energy equation for virgin solid 
2 0w fsT V Tα ∇ − •∇ =           (2-31) 

With the time dependent term added, energy equation for virgin solid (2-31) is discretized 

for two dimensions. 
1, 1

, ,

1, 1, 1 1, 1, 1, 1 1, 1, 1,
1, , , 1 , 1 , , 1 1, 1,

2 2

2 2

n m n
i j i j

n m n m n m n m n m n m n m n m
i j i j i j i j i j i j i j i j

w w fs

T T
t

T T T T T T T T
V

x y x
α α

δ δ δ

+ +

+ + + + + + + + + +
+ − + − + −

−

∆
− + − + −

= + −

 
(C-1) 

After rearrangement, the new time step temperature is found as the following equation. 

( )1, 1 1, 1, 1, 1,
, 1, 1, , 1 , 1

1n m n m n m n m n m
i j i j i j i j i jT BT CT DT ET F

A
+ + + + + +

− + − += + + + +     (2-46) 

where, 

2 2

2 21 w wA
t x y

α α
δ δ

= + +
∆ , 

2
fsw V

B
x x
α
δ δ

= −
, 

2
fsw V

C
x x
α
δ δ

= +
, 

2
wD
y
α
δ

=
, 

2
wE
y
α
δ

=
, 

,
n

i jT
F

t
=
∆           (C-2) 

 

Energy equation for char 

( )2 0c
c f c c v v fs v v

BT C C V T C P Tλ ρ ε ρ ρ
µ

∇ − + •∇ + ∇ •∇ =     (2-26) 
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With the time dependent term added, energy equation for char (2-26) is discretized for 

two dimensions. 

( )

( )

1, 1
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∆
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1, 1,
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m n m
i jT
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 (C-3) 

where, 

,
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,

i j
x v i j v
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B PJ C
x

ρ
µ

∂
=

∂
,   ,

, ,
,

i j
y v i j v
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B PJ C
y

ρ
µ

∂
=

∂
      (C-4) 

After rearrangement, the new time step temperature is found as the following equation. 

( )1, 1 1, 1, 1, 1,
, 1, 1, , 1 , 1

1n m n m n m n m n m
i j i j i j i j i jT BT CT DT ET F

A
+ + + + + +

− + − += + + + +     (2-46) 

where, 

, ,
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, 
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t
ρ ε ρ+

=
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Pressure equation for char 

0c c
fs

B P PP V
T T

ε
µ

   ∇• ∇ −∇ • =   
  

         (2-28) 

With the time dependent term added, pressure equation (2-28) is discretized for two 

dimensions. 
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where, 
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After rearrangement, the new time step pressure is found as the following equation. 

1, 1
,
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i j
BP
A

+ + =
           (C-12) 

where, 
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c
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Appendix D   Infinite rate reaction & simplified energy model 

Energy equation for char 
2 0c fsT V Tα ∇ − •∇ =           (2-31) 

With the time dependent term added, energy equation (2-31) for char is discretized for 

two dimensions. 
1, 1

, ,
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δ δ δ
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∆
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 (D-1) 

After rearrangement, the new time step temperature is found as the following equation. 

( )1, 1 1, 1, 1, 1,
, 1, 1, , 1 , 1

1n m n m n m n m n m
i j i j i j i j i jT BT CT DT ET F

A
+ + + + + +

− + − += + + + +     (2-46) 

where, 
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Appendix E   Curved char / virgin solid interface 

 
Figure D.1 Nodes used for temperature computation at node i,j which is adjacent to 

the char / virgin solid interface. 

Energy equation for char: infinite rate reaction & detailed energy model 

( )2 0c
c f c c v v fs v v

BT C C V T C P Tλ ρ ε ρ ρ
µ

∇ − + •∇ + ∇ •∇ =      (2-26) 

With the time dependent term added, energy equation for char (2-26) is rewritten for two 

dimensions. 
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∂
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∂
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  (E-1) 

Equation (E-1) is dicretized as below; 

y
x
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byT
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, 1i jT +
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(E-2) 

where, flux terms caused by the pressure gradient are: 
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Skew ratios of x-direction β  and y-direction γ  are calculated by equations (2-54) and 

(2-57). 

After rearrangement, the new time step temperature is found as the following equation. 

( )1, 1 1, 1, 1, 1, 1, 1,
, 1, 2, , 1 , 2

1n m n m n m n m n m n m n m
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Appendix F  3-D Arbitrary Geometry Charring Material Pyrolysis 
Model 

Energy equation 

( ) ( ) ( )a w is w c c t t g g g g t t
T BC C C C C T C C P T Q
t

ρ ρ ρ ερ ερ λ ρ ρ
µ

∂
+ + + + = ∇• ∇ + + ∇ •∇ +

∂
 

           (F-1) 

where, pressure is g tP P P= + .  

Permeability B , heat generation Q  and porosity ε  are calculated as in chapter 4. 

 

Three-dimensional Energy Equation  
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Discretization of energy equation 
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After rearrangement, the new time step temperature is found as the following equation. 
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Tar partial pressure equation 
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After rearrangement, the new time step tar partial pressure is found as the following 

equation. 
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Gas partial pressure equation 

Gas partial pressure is found by same procedure as tar partial pressure. 
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