3
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Modelling coal
devolatilization behaviour

Introduction

A description of the complex mixture of de-polymerisation, cross-linking, hydrogen transfer,
substitution and re-polymerisation reactions occurring during coal devolatilization presents a
challenging task from a modelling perspective. The development and implementation of a
suitable model to predict coal devolatilization behaviour, as a function of operating parameters
such as temperature, heating rate and particle size provide a valuable tool for simulating typical
coal conversion reactors. In particular, devolatilization modelling of powdered and small
particles are restricted to typical chemical reaction controlled conditions and have received
overwhelming attention in the past few decades. Differences observed in the behaviour of large
coal particles have therefore led researchers to employ a more rigorous treatment of
comprehensive devolatilization models. In addition, an understanding of the behaviour of coal
particles involved in lump coal conversion processes necessitates the combination of typical
reaction kinetics as well as heat- and mass transport effects and has only recently received
increasing attention. The development of such a particle model facilitates the initial step in
understanding the overall behaviour of lump coal conversion and should be based on both
fundamental principles, as well as the success at which it has been applied in previous work in
literature.
A detailed account of the choice, description and evaluation of the model will be provided in this
chapter. Sub-models for intrinsic kinetics, heat- and mass transport are discussed separately in
the text. An overview of the choice of kinetic model used is provided in Section 3.2, while the
evaluation procedure is elaborated on in Section 3.3. Furthermore, the importance and
description of transport phenomena as well as the evaluation procedure of the overall model
describing the devolatilization of large coal particles is attended to in Sections 3.4 and 3.5,
respectively, whereafter some conclusive remarks will be given in Section 3.6.

77

Chapter 3: Modelling coal devolatilization behaviour

3.2

Choice and description of an appropriate kinetic model

Systematic research during the past few decades has advanced our knowledge of the kinetics
and mechanisms of the devolatilization process and provided valuable techniques for predicting,
to a reasonable extent, the behaviour of coals (Smoot & Pratt, 1979; Smoot, 1981; Yue, 1995).
Devolatilization modelling is, however, quite straightforward if the chemical reaction is rate
controlling and the fuels under investigation are of a simple characteristic nature. Kinetic models
range in different levels of complexity from free radical mechanistic models for simple
hydrocarbons such as propane (Trimm & Turner, 1981) to more complex reaction schemes
involving numerous amounts of individual reactions, incorporating extra transport steps such as
in the case for naphtha devolatilization (Kumar & Kunzru, 1985). The kinetic description of more
complex poly-aromatic substances such as coal therefore presents a difficult task, due to a vast
amount of reactions involved. The devolatilization of coal is normally studied at the hand of
pseudo-mechanistic models (Conesa et al., 2001), which entails that the overall measured
reaction rate is the cumulative effect of numerous separate reactions (Lázaro et al., 1998). For
coal devolatilization a large number of possible modelling strategies are available of which the
simplest are empirical in nature and employ global kinetics (Arenillas et al., 2001; Conesa et al.,
2001; Lu & Do, 1991; Lázaro et al., 1998). The change of rate with temperature is generally
described by the Arrhenius expression. In addition, these models are further subdivided into
single- and multiple reaction schemes such as the DAEM. A detailed account of these models is
provided in Section 2.6. Current advances in the evaluation of the physiochemical properties of
the coal structure has also led to the development of more advanced network models such as
the FG-DVC (Solomon et al., 1993) and FLASHCHAIN (Niksa & Kerstein, 1991) model.
The choice of a suitable kinetic model should therefore bear relevance to the process under
investigation. For this investigation the devolatilization behaviour of coal entails the evaluation of
the total mass loss behaviour of the amount of volatile matter and not of individual species. The
mass loss behaviour will therefore be described at the hand of global kinetics involving the
description of one or more lumped components as outlined in typical series or parallel first-order
reaction schemes or the more advanced DAEM. The aim of this modelling exercise is therefore
to propose a global intrinsic kinetic model that can be included into a large particle model, which
allows for the description of transport phenomena during large coal particle devolatilization.
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3.3

Model description and evaluation of intrinsic kinetics

3.3.1

Kinetic model description

3.3.1.1 Determination of the kinetic parameters
Global devolatilization kinetics for the description of overall weight losses have been used
extensively by numerous authors including Alonso et al. (2001), Gürüz et al. (2004), Lázaro et
al. (1998) and Yip et al. (2009). The most commonly used intrinsic kinetic model for assessing
global kinetics is based on a unimolecular nth order single reaction rate model as defined
mathematically in Equation 3.1 (Burnham & Braun, 1999; Donskoi & McElwain, 1999).:

dX
n
= k ⋅ (1 − X )
dt

Equation (3.1)

where X represents the fractional conversion of volatiles released at time t and k is defined as
the overall reaction rate constant of which the temperature dependence is described by the
Arrhenius equation (Eq.(3.2)):

 − Ea 
k = k 0 ⋅ exp

 RT 

Equation (3.2)

The reaction order (n) of the reaction equation presented in Equation (3.1) is either assumed to
be first- or second-order (Bliek et al., 1985; Kök et al., 1998; Kristiansen, 1996; Strezov et al.,
2004; Yip et al., 2009) or estimated through regression of the experimental data (Alonso et al.,
2001; Gürüz et al., 2004). Derivation of the kinetic triplets (k0, Ea and n) requires knowledge of
the time- or temperature history of mass loss during devolatilization. The norm, however, for
kinetic studies is to conduct reactions under isothermal conditions, especially for fast reactions
such as devolatilization at high temperatures. Time-resolved measurements of coal
devolatilization are therefore very difficult and present uncertainty due to the fact that the
devolatilization process normally completes within a few seconds before the isothermal state is
reached (Lázaro et al., 1998). Currently non-isothermal techniques have proven to be more
useful than isothermal techniques for deriving the kinetic triplets (Alonso et al., 2001; Lázaro et
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al., 1998). If constant, linear heating rate ( T = Ti + β t ) measurements are employed Equation
(3.1) can be rewritten as (Yongjiang et al., 2011):

X

dX

∫ (1 − X )
0

n

=

k0

β

T

∫

T0

 − Ea 
exp
 ⋅ dT
 RT 

Equation (3.3)

The right hand side of Equation (3.3) is generally referred to as the temperature integral and
has no exact analytical solution (Aboulkas et al., 2011; Alonso et al., 2001; Yue, 1995). A large
amount of numerical approximations are however available to evaluate the non-isothermal
model equation as presented in Equation (3.3). A summary of the important numerical methods
used for a first-order reaction rate model is provided in Table 3.1.
Table 3.1 Summary of methods for determining the kinetic parameters of the first-order model.

Analysis method
Direct Arrhenius plot
method
(Yongjiang et al., 2011)
Integral method
(Shih & Sohn, 1980)
Friedman method
(Friedman, 1964)
Coats-Redfern method
(Coats & Redfern, 1964)
Chen-Nuttall method
(Thakur & Nuttall, 1987)
Explicit one-step method
(Alonso et al., 2001)

Anthony-Howard model
(Howard et al., 1976)

Mathematical equation

k
dX 
 1
ln
⋅
 = ln 0
 1 − X dT 
β

− ln (1 − X ) =

 Ea
 −
 RT

Equation no.
Equation (3.4)

k 0  − Ea RT E a
 E 
Te
+
⋅ E I ⋅  − a 

β 
R
 RT 

Equation (3.5)

Ea
 dX 
ln β
 − ln (1 − X ) = ln (k 0 ) −
RT
 dT 

Equation (3.6)

k
 − β ln (1 − X ) 
ln
 = ln 0
2
RT


 Ea

  2 RT  E a
 ⋅ 1 −
−
E a  RT
 

Equation (3.7)

E
 − β ⋅ (E a + 2 RT )

ln
⋅ ln (1 − X ) = ln (k 0 ) − a
2
RT
RT



Equation (3.8)

ti

 − Ea  
X i = 1 − exp ln (1 − X i −1 ) − ∫ k 0 exp
dt 
t i −1
 RT  


Equation (3.9)

∞
 t
 − Ea
X = 1 − ∫ exp − ∫ k 0 exp
0
 RT
 0

 
dt  ⋅ f (E a )dE
 

 − ( E a − E 0 )2 
 1 
in which: f (E a ) = 
 exp 

2σ 2
 σ 2π 
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Details regarding the derivation procedures of the different models can be found in literature
(Yue, 1995; Yongjiang et al., 2011). The use of more direct integral approaches (not shown in
the above table) has also been reported (Aboyade et al., 2012; Caballero & Conesa, 2005). A
comparison between the above methods revealed that some accuracy constraints occur, but
that the integral method is normally the most recommended strategy (Yue, 1995; Yongjiang et
al., 2011). Of all the methods currently proposed, the DAEM (Anthony-Howard model) has been
shown to be the most powerful model for predicting devolatilization behaviour (Arenillas et al.,
2001; Braun & Burnham, 1987; Cai & Liu, 2008; Donskoi & McElwain, 1999 & 2000;
Heidenreich et al., 1999; Mani et al., 2009). For the case of the DAEM, the distribution in
reactivity caused by the reaction complexity is attributed to the occurrence of a set of m
independent, first-order, parallel reactions with their own characteristic values of k0 and Ea
(Alonso et al., 2001). A simplistic approach for solving the DAEM considers a common, constant
frequency factor applicable for all activation energies in the distribution (Burnham et al., 1995).
This simplification has, however, been criticised by Alonso et al. (2001) who believes that the
isokinetic effect, which involves the relationship between frequency factor and activation energy,
cannot be neglected in the calculation procedure. This was also the general approach adopted
by Mianowski and Radko (1993); and Misra and Essenhigh (1988). The use of continuous
distribution curves (i.e., Gaussian), for the description of overall activation energy by a constant
average activation energy and a standard deviation of energies (σ) has also raised concerns
(Mianowski & Radko; 1993; Miura, 1995).
3.3.1.2 Compensation effect of kinetic parameters
Variations in the kinetic parameters determined by a single overall reaction model from nonisothermal thermogravimetric curves have been extensively encountered in literature
(Constable, 1925; Narayan & Antal, 1996; Olivella & de las Heras, 2006; Olivella & de las
Heras, 2008; Yue, 1995). These variations are encountered due to physico-chemical properties,
measuring conditions and the mathematical strategies employed to determine the parameters.
A subsequent increase or decrease in the kinetic parameters with increasing heating rate has
been observed by authors such as Olivella and de las Heras (2008) and Yue (1995).
Accordingly, in order to ascertain the same rate constant at different conditions, high values of
activation energy would be compensated by high values of the frequency factor. This mutual
dependence is normally referred to as the kinetic compensation effect and can be expressed by
the following equation (Yue, 1995):
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Equation (3.11)

ln k 0 = αE a + δ

When the above equation is reproduced on Arrhenius coordinates with an intersection point
through the isokinetic points (1/Tiso and lnkiso) then the relationship can be given as (Yue, 1995):

ln k = a + b ⋅

1
T

Equation (3.12)

It should be noted that Equation (3.12) is a special case derived from Equation (3.11) and the
existence thereof guarantees the existence of the compensation effect. In contrast, the
existence of Equation (3.11) does not guarantee the existence of the isokinetic relationship
(Yue, 1995). Details regarding the factors attributing to the existence of the compensation and
isokinetic effect can be found elsewhere (Yue, 1995).

3.3.2

Kinetic model evaluation

The use of powdered coal samples in non-isothermal work is normally recommended in order to
ensure that the effects of heat- and mass transfer are limited during the determination of the
intrinsic kinetic parameters (Aboyade et al., 2012; Antal & Várhegyi, 1995; Yang et al., 2007). In
addition, the process of de-convolution of DTG curves of model- and less complex carboncontaining compounds (such as biomass and oil shales) into pseudo-component curves have
been found to be much easier when compared to de-convolution of DTG curves obtained for
coals (Aboulkas et al., 2011; Aboyade et al., 2011; Grønli et al., 2002). This challenge
necessitates the need for further elaboration on the behaviour of typical DTG curves of coals, in
order to formulate and evaluate an appropriate model. A typical hypothetical DTG curve (for
illustration purposes) of the devolatilization behaviour of coal is provided in Figure 3.1 and
corresponds to what was obtained in previous investigations (Aboyade et al., 2012; Alonso et
al., 1999 & 2001). As illustrated in Figure 3.1, the DTG curve is characterised by a peak (peak
(a)) in the low temperature region with a maximum rate occurring between 40°C and 100°C and
corresponds to the initial release of absorbed moisture. In some cases an adjacent peak to the
absorbed moisture peak is observed, annotated as peak (b), which has been attributed to either
the release of crystal water associated with inherent minerals or chemically bonded moisture
(Alonso et al., 2001; Boiko, 2000).
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Figure 3.1 Hypothetical DTG curve of coal devolatilization (adapted from Alonso et al. (2001)).

In addition, the simultaneous vaporization and transport of so-called “guest” molecules
(molecular phase) as described by peak (g) start to occur (Solomon et al., 1992). The presence
of peak (g) corresponds to stage I of the model proposed by Serio et al. (1987) and is not
considered to be part of the primary devolatilization process. The occurrence of peaks (a), (b)
and (g) is therefore eliminated in some works prior to the investigation of the main
devolatilization zone (stage II & III) (Alonso et al., 2001). For large particle applications, this is,
however, not the case as the drying zone forms an integral part of the process (Bunt &
Waanders, 2008). In addition, the presence of inherent moisture as steam from an operating
perspective can increase the volume of evolved gases, cool down the reacting medium,
decrease the gas mixture temperature and subsequently decrease the devolatilization rate
(Bellais, 2007). The evaporation of moisture from porous media involves complicated heat- and
mass transfer mechanisms and the availability of a comprehensive model is limited (Yip et al.,
2009). Detail mechanistic schemes for wood drying and -devolatilization have been proposed by
authors such as Bellais (2007) and Grønli (1996). The formulation of an appropriate
mathematical model describing the evaporation rate of moisture is a tedious task and models
such as the heat sink model, first-order evaporation rate model and the equilibrium model have
generally been used (Bellais, 2007). The work of Bellais (2007) has shown that no significant
difference could be observed in the type of model used for describing moisture evaporation from
wood particles. In a number of investigations, the evaporation of moisture from the coal matrix is
described by an additional first-order reaction expression, due to its integratability into the
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overall kinetic scheme and the conservation laws (Abhari & Isaacs, 1990; Bellais, 2007; Li et al.,
2009; Yip et al., 2009). The first-order expression for moisture evolution will therefore be used in
this investigation.
The main devolatilization zone (stage II & III) constitutes the release of tar (II), primary gases
(II), secondary gases (III) and the subsequent formation of char (Alonso et al., 2001; Serio et al.,
1987). The evolution profile of stage II and III comprises two quite distinguishable peaks (peaks
(1) and (3)) and a less observable peak (peak (2)) and is in agreement with what was observed
for coal devolatilization by van Heek and Hodek (1994). The extensive asymmetric nature of the
DTG curve of coal devolatilization therefore makes the use of a single first-order reaction model
impractical in determination of the kinetic parameters. In a response to this, authors such as
Alonso et al. (2001) formulated a lumped first-order model allowing for the fraction contribution
(ξ) made by the different individual peaks. Accordingly the following reaction rate equation can
be used for the entire temperature range under investigation:

3
dX g
dX a
dX b
dX i
dX
= ξa
+ ξb
+ξg
+ ∑ξ i
dt
dt
dt
dt
dt
i =1

Equation (3.13)

If stages I, II and III are lumped together and the ultimate amount of volatiles and moisture (V*t)
is included, then Equation (3.13) can be rewritten as:

j
 − E a ,i
dVt
= Vt ∗ ⋅ ∑ ξ i k i ,0 ⋅ exp
dt
i= j
 RT


 ⋅ (1 − X i );


j = a, b, g ,1, 2, 3

Equation (3.14a)

The intrinsic reaction rates for moisture evaporation and volatile evolution can therefore be
described as:

Rv = ρ s ,0 ⋅ Vt ∗,v

dX v
dX a
and Ra = ρ s , 0 ⋅ Va∗
dt
dt

Equation (3.14b)

The intrinsic parameters describing the different stages of the devolatilization process can be
estimated by numerical integration of the above equation by the methods proposed in Section
3.3.1.1. This can be accomplished with the aid of a typical numerical mathematical package
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such as MATLAB® or FORTRAN®. The determination of a single set of kinetic parameters and
the fractions of contribution describing the overall reaction rate of each pseudo-component at
different heating rates involves the use of multi-dimensional non-linear regression that
minimizes the objective function (OBF) over all heating rates. This method was successfully
applied by Aboyade et al. (2012) on the devolatilization behaviour of blends of coal and
biomass. The objective function used is provided in Equation (3.15):

 dX 
 dX  
OBF = ∑∑ 
 −
 
dt
dt



 calc 
k =1 m =1 
exp

Nk Nm

2

Equation (3.15)

In addition Equation (3.16) can be used to test the validity of the predicted model values on the
quality of fit (QOF) of the experimental data (for each heating rate as well as overall process).

Nm

QOF (%) = 100 × ∑
m =1

[(dX

dt )exp − (dX dt )calc

]

2

Nm

max dX dt exp

Equation (3.16)

Nk in Equation (3.16) can be replaced by the product of Nk and Nm in order to estimate a global
QOF valid over all heating rates (Aboyade et al., 2012).

3.4

Inclusion of physical transport effects

The development of an overall model for simulating devolatilization behaviour of large coal
particles necessitates the need for the inclusion of heat- and mass transfer effects. Large
particle devolatilization can therefore be described by three main processes (as shown in Figure
3.2), which involve: (1) heat transfer to (convective and radiative transfer), from (radiative
transfer) and inside the coal particle (conductive heat transfer and heat losses due to reaction,
evaporation and product transport in coal/char pores), (2) kinetics of volatile evolution and
moisture release; and (3) intraparticle mass transfer of volatile species (Agarwal et al., 1984a &
b; Stubington & Sumaryono, 1984; Tomeczek & Kowol, 1990). Numerous investigations on the
determination of a comprehensive mathematical model for describing large particle
devolatilization have led to the general conclusion that heat transfer and chemical kinetics are
rate controlling for the overall mechanism (Agarwal et al., 1984a & b; Heidenreich et al., 1999;
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Stubington & Sumaryono, 1984; Tomeczek & Kowol, 1990; Wildegger-Gaissmaier & Agarwal,
1990).

Hypothetical coal particle

r = Rp
Heat necessary for
reaction/vaporization
(Heat of reaction/
vaporization)
pores

Convective heating
Conductive heating

Coal matrix

r=0
Coal pore

Volatile precursor
formation
and reaction

Radiative heat transfer

Control volume

Moisture and
absorbed water

Convective cooling

Internal diffusion

Conductive heating

External diffusion

Figure 3.2 Transport and reaction processes during large particle coal devolatilization.

From a mass transfer perspective, Koch et al. (1969) suggested that the char layer forming
around the devolatilizing particle provides negligible resistance to the transport of volatiles from
the particle. In addition, for low rank coals Anthony et al. (1975) indicated that the effect of
pressure on lignite devolatilization was negligible. This concept was challenged by authors who
provided evidence that the role of mass transfer cannot be neglected due to internal convection
of volatiles (Bliek et al., 1985; Tsang, 1980), secondary deposition reactions (Bliek et al., 1985)
and coal particle swelling (Sadhukhan et al., 2011). A model accounting for all the preceding
concepts and one of the most comprehensive models thus far was proposed by Sadhukhan et
al. (2011). Application of this model, with the addition of additional descriptive equations to the
current investigation, will form the basis for the model describing transport effects. The
descriptive partial differential- and auxiliary equations used for heat- and mass transfer will be
discussed separately.
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3.4.1

Heat transfer considerations

The coal energy equation is based on the unsteady state, infinitesimal, control volume heat
equation for a single, solid spherical particle (Sadhukhan et al., 2011). The equation is
formulated in Equation (3.17a) with the assumption that volatile matter and solid coal are in
thermal equilibrium; and that the coal particle volume remains relatively constant (no swelling
and/or shrinkage) throughout the devolatilization process:

c p,s


∂ ( ρ s Ts ) 1 
∂T 
∂ 2
∂
= 2  k s ⋅  r 2 s  − ∑ c p ,i ⋅
r uρ i Ts  + Rv (− ∆H r ) + Ra (− ∆H vap , a )
∂t
∂r  i = a ,v
∂r
r 
 ∂r


(

)

Equation (3.17a)
Incorporation of the effect of volume change due to particle swelling/shrinkage requires the
multiplication of both sides of Equation (3.17a) with the particle volume as shown in Equation
(3.17b):

vc p , s


∂ ( ρ s Ts ) v 
∂T 
∂ 2
∂
= 2  k s ⋅  r 2 s  − ∑ c p ,i ⋅
r uρ i Ts  + vRv (− ∆H r ) + vRa (− ∆H vap , a )
∂t
∂r  i = a ,v
∂r
r 
 ∂r


(

)

Equation (3.17b)
Assuming the change in particle volume to be time dependent leads to the following expression
for the general heat equation:

c p,s

∂ (vρ s Ts ) v 
= 2 k s
∂t
r 

∂T
∂
⋅ r2 s
∂r
 ∂r


∂ 2

r uρ i Ts  + vRv (− ∆H r ) + vRa (− ∆H vap , a )
 − ∑ c p ,i ⋅
∂r
 i = a ,v


(

)

Equation (3.17c)
Application of the chain rule to the differential term on the left hand side provides an expression
that accounts for any heat losses due to particle swelling and/or shrinkage:

vc p , s


∂ ( ρ s Ts )
∂T 
∂v v 
∂ 2
∂
+ c p , s ρ s Ts
= 2  k s ⋅  r 2 s  − ∑ c p ,i ⋅
r uρ i Ts  + vRv (− ∆H r ) + vRa (− ∆H vap , a )
∂t
∂t r 
∂r  i = a ,v
∂r
 ∂r

Equation (3.17d)

(
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Rearranging terms and division by the volume term (v) yields the following equation as
proposed by Sadhukhan et al., (2011):

c p,s

c p , s ρ s Ts ∂v

∂ (ρ s Ts ) 1   ∂ 2 ∂Ts 
∂ 2
= 2 k s ⋅  r
r uρ i Ts  + Rv (− ∆H r ) + Ra (− ∆H vap , a ) −
 − ∑ c p ,i ⋅
∂t
∂r  i = a ,v
∂r
v
∂t
r   ∂r


(

)

Equation (3.17e)
With the boundary and initial conditions defined as (Sadhukhan et al., 2011):
At t = 0 for 0 ≤ r ≤ R p ; Ts = Ti
For t > 0 at r = 0;
For t > 0 at r = R p ;

− ks

Equation (3.18a)

∂Ts
+ uρ v c p ,v Ts + uρ a c p ,a Ts = 0
∂r

− ks

Equation (3.18b)

∂Ts
+ uρ v c p ,v Ts + uρ a c p ,a Ts = σ b ε rad Ts4 − T f4 + hconv (Ts − T f
∂r

(

)

)

Equation (3.18c)
A comparison with particle heat equations used by other authors reveals the inclusion of a
convective cooling term for heat removed by both moisture and volatiles moving through the
porous matrix (2nd summed term on the right of Equation (3.17e)), heat loss due to reaction (3rd
term on the right of Equation (3.17e)), heat loss due to the vaporization of water (4th term on the
right of Equation (3.17e)) and heat change due to particle swelling/shrinkage (5th term on the
right of Equation (3.17e)). The solution of Equation (3.17e) requires an extensive knowledge of
the characteristic parameters defining both the solid phase as well as the gaseous (volatile)
phase. Characteristic parameters for the solid phase (coal particle) include: particle density (ρs),
specific heat (cp,s), effective thermal conductivity (ks), enthalpy of reaction (∆Hr), particle volume
(v) and emissivity (εrad), while heat capacity (cp,v), and volatile density (ρv) form the important
characteristic parameters for the volatile phase. Characteristic properties for inherent moisture
are similar to those needed for the physical description of volatiles. A major limitation from other
investigations is the choice of heat transfer parameters to solve the generic heat equation.
Some investigations assume constant thermophysical properties for the coal itself in order to
simplify the numerical solution of the above equation (Agarwal, 1985; Agarwal et al., 1987). A
combination of physical constants and empirical auxiliary models can be utilized for a
description of the thermophysical properties as a function of the operating conditions. Due to the
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complexity of the devolatilization process, either assumed constants or empirical correlations
are employed for determining the physical properties of coal, inherent moisture and especially
volatile matter. The empirical correlations and/or -models for determining the thermophysical
properties needed to solve Equation (3.17e) are summarised in Table 3.2.
Table 3.2 Summary of important correlations for thermophysical properties.

Thermophysical
property
Solid effective heat
conductivity
(Badzioch & Hawksley,
1970; Heidenreich et

Empirical correlation/equation

k s = 0.19; Ts ≤ 573 K or k s = 0.23; Ts ≤ 673 K

heat capacity
(Badzioch & Hawksley,

k s = 0.23 + 2.24 × 10 −5 ⋅ (Ts − 673) ; Ts > 673 K

Equation

1.8

Unit: [W.m-1.K-1]

ρ s c p , s = 1.92 × 10 6 ; Ts ≤ 623 K
ρ s c p , s = 1.92 × 10 6 − 2.92 × 10 3 ⋅ (Ts − 623); Ts > 623 K
-3

volatiles (Bharadwaj et

Unit: [J.kg-1.K-1]

(3.22)

c p ,v = −100 + 4.4Ts − 1.57 × 10 −3 Ts2

Equation

Unit: [J.kg-1.K-1]

(3.23)

hconv =

(Kunii & Levenspiel,

kg

(2 + 0.6 ⋅ Re

dp

0.5

⋅ Pr 0.333

ε rad =

1
1 − ε rad ,t  rp
+
⋅
ε rad ,t  rt

)

Equation
(3.24)

Unit: [W.m-2.K-1]

1969)

(Incropera et al., 2007)

(3.21)

-1

Equation

External heat transfer

Effective emissivity

Equation

c p ,a = 1670 + 6.4 × 10 −1 Ts

al., 2004)
coefficient

(3.20)

Unit: [J.m .K ]

vapour (Grønli, 1996)
Heat capacity of

Equation
(3.19)

1970)
Specific heat of water

no.:

k s = 0.19 + 2.5 × 10 ⋅ (Ts − 573) ; Ts > 573 K or
−4

al., 1999)
Volumetric specific

Equation





Equation

∆H vap , a = 3179 × 10 3 − 2500Ts

Equation

Unit: [J.kg-1]

(3.26)

1

ε rad , s

(3.25)

Unit: [-]
Heat of evaporation
(Bellais, 2007)
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Values of constants used in the heat equation are provided in Table 3.3. A number of
investigations have revealed the strong dependence of thermal conductivity of coal on
temperature. Known empirical models for thermal conductivity include the models of Agroskin et
al. (1970), Badzioch et al. (1964), Badzioch and Hawksley (1970) and Heidenreich et al. (1999).
The latter two were chosen for this investigation. The thermophysical constants listed in Table
3.3 allow for the heat of reaction of devolatilization, which is assumed to stay constant
throughout the whole process (Adesanya & Pham, 1995; Sadhukhan et al., 2011). In addition,
thermophysical properties of the inert gas used during devolatilization can be estimated through
empirical correlations or interpolation of thermophysical property measurements performed at
different temperatures for the specific inert medium (Incropera et al., 2007). Values of density
(ρg), gas viscosity (µg), gas thermal conductivity (kg) and Prandtl number (Pr) are required for
the calculation of the Reynolds number (Re) and the convective heat transfer coefficient
(Equation (3.24)) of the inert gas flowing through the reactor system. For flow around spherical
particles the Reynolds number is defined as (Incropera et al., 2007):

Re =

ρ g vg d p
µg

Equation (3.27)

Table 3.3 Thermophysical constants used for the heat equation.

Thermophysical
property
Stefan-Boltzmann
constant
Emissivity of coal
Emissivity of reactor
tube
Heat of reaction

3.4.2

Symbol

Value

Reference

σb

5.67x10-8 W.m-2.K-4

(Incropera et al., 2007)

εrad,s

0.95

εrad,t

0.30

∆Hr

~300 kJ.kg

(Omega Engineering Inc.,
2012b)
(Omega Engineering Inc.,
2012a)
-1

(Adesanya & Pham, 1995)

Mass transfer considerations

An extensive mass transfer model with respect to the description of both the transport of
gaseous products and tars has been proposed by Bliek et al. (1985). The use of this model,
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however, requires knowledge regarding the specific properties and yields of the products
formed. For the sake of simplicity Sadhukhan et al. (2011) proposed that the evolved gases and
tars are envisaged as a single entity (i.e. volatile matter). The transport of water vapour
(moisture) and volatiles through the porous matrix of coal/char can therefore be described by
the conservation of mass equation. Pores of the coal/char structure, are assumed to be
cylindrical in shape and connect the surface of the particle with the interior. Furthermore, the
conservation of the solid reacting mass should also be taken into account and can therefore be
written as:

∂ρ s
= −(Rv + Ra )
∂t

Equation (3.28a)

Multiplication of both sides of Equation (3.28a) in order to account for the effect particle volume
change yields the following:

v

∂ρ s
= −v ⋅ (Rv + R a )
∂t

Equation (3.28b)

Assuming the change in particle volume to be time dependent leads to the following expression:

∂vρ s
= −v ⋅ (Rv + Ra )
∂t

Equation (3.28c)

Application of the chain rule, rearranging terms and division by the volume (v) yields the
following equation as proposed by Sadhukhan et al., (2011) and Zhang et al. (2012):

v

∂ρ s
∂v
+ ρs
= − v ⋅ ( Rv + R a )
∂t
∂t

Equation (3.28d)

∂ρ s
ρ ∂v
= −(Rv + Ra ) − s
∂t
v ∂t

Equation (3.28e)

The particle mass conservation (density) model not only includes for a change of density due to
the creation of pores as a result of reaction but also due to a possible change in volume which
dictates the behaviour of swelling and/or shrinking coals (Sadhukhan et al., 2011). For mass
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transport of volatile species within the spherical porous solid the conservation of mass for
species i, can however be expressed mathematically as:

(

)

∂ (ερ i ) 1 ∂ r 2 n& i
+ 2
= Ri
∂t
∂r
r

Equation (3.29)

The total mass flux (ńi) is considered to be a combination of the convective mass transport in
the porous solid as well as the molecular diffusion of the gas species (Welty et al., 2008):

n& i = ρ i u − Deff

∂
(ρ i )
∂r

Equation (3.30)

Therefore the conservation of mass for species i (moisture or volatiles), can be rewritten as:

′ ,i ∂  2 ∂ρ i 
Deff
∂ (ερ i ) 1 ∂ 2
+ 2
r ρiu − 2
r
 = Ri
∂t
∂r 
r ∂r
r ∂r 

(

)

Equation (3.31)

While the conservation (gas phase continuity) equation describing the overall transport of the
gaseous mixture within the porous solid (moisture, volatiles as well as the presence of air
initially in the porous solid) can be more specifically defined as (Bharadwaj et al., 2004; Peters,
2011; Sadhukhan et al., 2011):

∂ (ερ v ,t )
∂t

+

1 ∂ 2
r ρ v , t u = Rv + R a
r 2 ∂r

(

)

Equation (3.32)

The importance of the molecular diffusion term has to be considered. The effect of the
molecular diffusion of gaseous volatile species during the overall process has been considered
to be negligible at high temperatures and -heat fluxes. This has been confirmed during
investigations on the devolatilization of large wood particles by Bellais (2007) and Grønli (1996).
During the drying stage of devolatilization molecular diffusion could not be neglected (Bellais,
2007; Grønli, 1996). For the sake of completeness however, effects of binary diffusion have
been included for both moisture- and volatile evolution in this investigation. As for the heat
equation, Sadhukhan et al. (2011) also adopted the inclusion of a term in the mass conservation
law that could allow for any changes in particle volume during devolatilization. Inclusion of such
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a term in the overall mass conservation equation can be accomplished by applying a similar
mathematical strategy as was done for the heat equation, i.e:

v

∂ (ερ v ,t )
∂t

∂ (ερ v ,t )
∂t

+

∂ (v ) v ∂ 2
+ 2
r ρ v , t u = v ⋅ (Rv + R a )
∂t
r ∂r

(

+ ερ v ,t

)

ερ v ,t ∂v
1 ∂ 2
r ρ v ,t u = R v + R a −
2
v ∂t
r ∂r

(

)

Equation (3.33a)
Equation (3.33b)

The mass conservation equations for both volatile species and water vapour as a combination
of the preceding developments can therefore be written as (Bharadwaj et al., 2004):

′ ,v ∂  2 ∂ρ v 
Deff
∂ (ερ v ) 1 ∂ 2
ερ ∂v
+ 2
r ρ vu − 2
r
 = Rv − v
∂t
∂r 
v ∂t
r ∂r
r ∂r 

Equation (3.34a)

′ , a ∂  2 ∂ρ a 
Deff
∂ (ερ a ) 1 ∂ 2
ερ ∂v
+ 2
r ρau − 2
r
 = Ra − a
∂t
∂r 
v ∂t
r ∂r
r ∂r 

Equation (3.34b)

(

(

)

)

Effective diffusion coefficients are considered to take the Knudsen effect into account. The
above equations are formulated with the following boundary- and initial conditions (Bharadwaj et
al., 2004; Peters, 2011; Sadhukhan et al., 2011):
At t = 0 for 0 ≤ r ≤ R p ;
For t > 0 at r = 0;
For t > 0 at r = R p ;

∂ρ v ,t
∂r

p = p 0 or ρ v ,t = ρ air ,T0 and ρ i = 0; i = a, v
=

∂ρ i
= 0; i = a, v
∂r

Equation (3.35a)
Equation (3.35b)

ρ v ,t = ρ air ,T and ρ i = 0; i = a, v
f

Equation (3.35c)

The velocity term (u) of the convective transport of total moisture and volatiles in the radial
particle direction can be obtained using Darcy’s law for porous solids (Bellais, 2007; Grønli,
1996; Sadhukhan et al., 2011):

u=−

K p ∂p v ,t
⋅
µ m ∂r

Equation (3.36)
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The total pressure- and partial pressure dependence of the gaseous mixture and volatile
species can be assumed to follow the ideal gas law (Sadhukhan et al., 2011):

p v ,t =

pi =

ρ v ,t RTs

Equation (3.37a)

M gv

ρ i RTs
Mi

Equation (3.37b)

; i = a, v

Empirical correlations and/or models are also employed for estimating the characteristic
properties dictating the conservation of mass. Values of mass transfer constants and empirical
equations are listed in Tables 3.4 and 3.5 respectively.
Table 3.4 Characteristic constants used for the mass transfer equation.

Characteristic
property
Permeability of coal
Molecular weight of
devolatilization gas
Molecular weight of
devolatilization tars

Symbol

Value

Reference

Kp

1x10-11 m2

(Borghi et al., 1985)

Mgv

20 g.mol-1

(Gavalas & Oka, 1978)

325 g.mol-1

(Gavalas & Oka, 1978)

or taken from

Mt

SEC results

Lennard-Jones constant for tar

ε L ,t
κ

660

Lennard-Jones constant for gas

ε L , gv
κ

136

Lennard-Jones constant for air

ε L ,air
κ
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Lennard-Jones constant for tar
(Collision diameter)

σt

10 Å

Lennard-Jones constant for gas
(Collision diameter)

σgv

3.4 Å

Lennard-Jones constant for air
(Collision diameter)

σair

3.62 Å
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(Reid et al., 1967;
Reidelbach, 1979)
(Reid et al., 1967;
Reidelbach, 1979)
(Welty et al., 2008)
(Reid et al., 1967;
Reidelbach, 1979)
(Reid et al., 1967;
Reidelbach, 1979)
(Welty et al., 2008)
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From these tables the permeability of the coal is assumed to stay constant throughout the
description of the process. This is, however, not true but from the work of Sadhukhan et al.
(2011), the value used has been found to provide a more than adequate description of the
devolatilization process of large coal particles. An average molecular mass of coal volatiles can
be estimated with application of the empirical model provided in Table 3.5.
Table 3.5 Auxiliary equations used in the conservation of mass.

Characteristic

Equation

Empirical correlation/equation

property

ε≈

Coal porosity

no.:

ρ s ,k − ρ s
ρ s ,k

Equation
(3.38)

Unit: [-]

2 × 10 − 26 ⋅ (M v Ts )
σ v2 Ω v

0.5

Viscosity of volatiles

µv =

(Reid et al., 1967)
Lennard-Jones
constants for tar-gas
mixture (Reid et al.,

constants for volatileair mixture (Reid et al.,

0.5

ε L , gt  ε L ,t ε L , gv 
 and σ gt = 0.5 ⋅ (σ gv + σ t )
= 
⋅
κ
κ
κ



ε L ,v −air  ε L , gt ε L , air 

= 
⋅
κ
κ 
 κ

Ω v ,i

determinations

0.5

(

and σ vair = 0.5 ⋅ σ gt + σ air

 κT
= 1.165 s
ε
 L ,i






−0.149


κT
+ 0.525 exp − 0.773 s

ε L ,i


Ω v = 0.5 ⋅ (Ω v ,t + Ω v , g )

Reidelbach, 1979)

Unit: [-]

transfer determinations
(Perry & Green, 1997)

)

Equation
(3.41)

(Reid et al., 1967;

equations for mass

(3.40)

Unit: [-]

Lennard-Jones

Lennard-Jones

Equation

Unit: [-]

1967)
equations for viscosity

(3.39)

Unit: [Pa.s]

1967)
Lennard-Jones

Equation

Ω D ,i , j

−4.909

 κTs 

κT


= 44.54
+ 1.911 − 0.773 s
ε


ε L ,i , j

 L ,i , j 

Ω D ,ij = 0.5 ⋅ (Ω D ,i + Ω D , j )

Unit: [-]
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Equation
(3.42)
Equation
(3.43)






−1.575






0

Equation
(3.44)
Equation
(3.45)
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Table 3.5 Auxiliary equations used in the conservation of mass (cont’d).

Characteristic

Equation

Empirical correlation/equation

property
Viscosity of water
vapour

µ a = −1.47 × 10 −6 + 3.78 × 10 −8 ⋅ Ts

Equation

Unit: [Pa.s]

(3.46)

(Bellais, 2007)
Molecular weight of

Mv =

total volatiles (Seader

no.:

& Henley, 2006)

2
(1 M t ) + (1 M gv )

Equation
(3.47)

Unit: [g.mol-1]

Binary diffusion

 T 1.75 
Da − air = 1.192 × 10 − 4 ⋅  s 
 p 

coefficient for water
vapour in air
(Grønli, 1996)

2

Dt − gv

gas

 Ts1.5
= 1.86 × 10 ⋅ 
 pσ 2 Ω
gt
D , gt

−7

2

Binary diffusion
in air

species, i

Dv −air


Ts1.5
= 1.86 × 10 ⋅ 
 pσ 2 Ω
vair
D ,vair


coefficient of species,
i. (Welty et al., 2008)

in random pores
(Welty et al., 2008)

  1
1 
⋅
+

 M
  v M air 

Ts
~
DiK = 4850d pore ⋅
; i = a, v
Mi
Unit: [m2 s-1]

′ ,i =
Deff

1
Di − air

+

1
; i = a, v
Di , K

Unit: [m2 s-1]

Effective diffusion
coefficient of species i,

Equation
(3.49)

0.5

Equation
(3.50)

Unit: [m2 s-1]

(Welty et al., 2008)
Effective diffusion

0.5

-1

−7

(Welty et al., 2008)
Knudsen diffusion of

  1
1 
⋅
+
  M t M gv 

 

Unit: [m s ]

(Welty et al., 2008)
coefficient for volatiles

(3.48)

-1

Unit: [m s ]

Binary diffusion
coefficient for tar in

Equation

Deff ,i =

ε
′ ,i
⋅ Deff
τ

Unit: [m2 s-1]
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Equation
(3.51)

Equation
(3.51)

Equation
(3.52)
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The values of porosity change can either be estimated via Equation (3.38) or be determined
experimentally (Sadhukhan et al., 2011). In addition, to account for the effect of volume change
on the thermal- and mass transfer properties, volume change as defined by the
swelling/shrinkage ratio can be determined qualitatively from non-isothermal or isothermal
measurements (Sadhukhan et al., 2011). Other investigations involving volume changes of
coals have also shown that thermo-mechanical analysis (TMA) is a valuable tool for determining
the thermal expansion of coals with temperature (Gupta, 2007). An empirical model for thermal
expansion/shrinkage can therefore be used to describe the swelling/shrinkage term in both the
heat- and mass equation.

3.5

Evaluation and validation procedure of the combined model

The description of the complete devolatilization process involves the combination and the
subsequent evaluation of the preceding equations in order to determine specified parameters as
a function of both time and particle radius. The set of descriptive partial differential equations
(PDE’s) and auxiliary equations can be solved numerically according to a finite element method
with the aid of COMSOL Multiphysics® 4.3 simulation software. From a coal conversion
perspective this simulation software has been successfully used in the simulation of CO2
sequestration studies (Liu & Smirnov, 2007), underground gasification (Sarraf et al., 2011) and
fires in bulk materials and coal dumps (Krause et al., 2005).
Kinetic measurements on smaller coal particles enable the decoupling of kinetics from the
overall process and the estimation of kinetic parameters in a strictly kinetic-controlled
environment. The obtained kinetic parameters are provided as input to the COMSOL
Multiphysics® 4.3 simulation software and therefore not solved by parameter regression as seen
in most investigations. The numerical reproduction of the modelled conversion curves are
evaluated against the experimental data via a visual collocation method. In addition, QOF is
assessed for all experiments with the aid of Equation (3.16).
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