EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Eindhoven University of Technology

MASTER

A model of the effect of moisture on the pyrolysis of wood

Moerman, E.

Award date:
1997

Link to publication

Disclaimer

This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain


https://research.tue.nl/en/studentTheses/5915343b-0e2a-4fda-96e1-ace4881fbef7

A model of the effect of moisture
on the pyrolysis of wood

E. Moerman

R-1444-A

Begeleider: K. Krishna Prasad
Afstudeerdocent: G.J.F. van Heijst



Abstract

Cooking in developing countries is mostly done on open wood fires. Problems like the
scarcity of fuel wood and a negative impact of wood smoke on the users health lead to a wide
interest in wood fired cookstoves. However most work limited itself to developing stoves using a
‘trial and error’ method. One of the few institutes that studied theory behind woodstoves was the
Woodburning Stoves Group. Results are described by Bussmann {1988). An important limitation
of that work is that the power output of the stove cannot be predicted. Changes in stove
geometry, fuel composition, charge size or charge period require a new experimental determination
of what Bussmann calls the fire penetration rate. The study in this report tries to reduce this
limitation of Bussmann’s model and predict the power output after at most a handful of
experiments for each serious change in stove geometry. In order to do that the pyrolysis and
maoisture evaporation of a thermally irradiated piece of wood is studied. Pyrolysis studies have been
done before, however never with moist wood.

To see if results are useful only a simple one-dimensional model for a single piece of wood
is used and it does not incorporate combustion of the charred part of the wood. The model consists
of rate equations that use Arrhenius type reaction rates for the primary pyrolysis reactions
WOOD->CHAR + TAR + GAS and the secondary reaction TAR-> GAS. The continuity equations for
all gas components (N,, O,, water vapour, TAR and GAS) are used, where all gas components are
assumed to be ideal gases. The moisture evaporation is governed by the combined Clausius-
Clapeyron-Kelvin equation. Since wood is a porous medium the Darcy equation is used as
momentum equation. Finally the energy equation includes a source term, due to evaporation and
pyrolysis, and energy convection by the gases. The inclusions of the moisture requires the use of
a generalized Newton-Raphson method for the solution of the continuity equations. For a large
permeability (about 107'2 m?) even the Newton-Raphson method does not result in super-linear
convergence, however convergence is obtained.

The simulation results can be described by a pyrolysis front and an evaporation front. At
such a front unreacted wood or the moisture is zero on the hot side of the front and equal to the
initial value on the other side of the front. The position of these fronts can mostly be described by
an equation of the from x=a, +a,+/t +a,t {x=position of front, a, is i-th coefficient and t=time).
The coefficients in this equation depend on thermal radiation and the wood bulk density according
to simple equations. Bad fits only occur for thermal radiation smaller than 2 kW m™?, because the
temperature obtained for thermal radiation smaller than 2 kW m is insufficient for pyrolysis. The
effect of moisture on the coefficients is not easy to determine. A few exponential functions resuit
and they often lead to a poor match between a simulation and simple equations for the fronts. For
the evaporation front the match is usually not too bad, but no acceptable fits could be found that
describe the position of the pyrolysis front as a function of moisture content and time. The simple
equations for the position of the pyrolysis and evaporation fronts provide a simple and fast way for
calculating the power output provided by the volatile gases and the energy used for the evaporation
of the moisture. This easy description is ideal for stove development work in the field since a quick
determination of volatile power output and energy loss due to moisture evaporation is possible
without the use of complicated mathematical models.
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1 Introduction

Wood fires have been used for thousands of years for heating, lighting and food
preparation. In spite of the long use of wood fires the understanding of small open wood fires
remains insufficient. Hardly any research has ever been done on the subject, this while billions of
people are still cooking on these small open wood fires. The Woodburning Stove Group has been
one of the very few institutes trying to describe the processes occurring in a wood fired cook
stove. At the Woodburning Stove Group a model was developed to describe the heat and mass
transfer in a cook stove, see Bussmann and Krishna Prasad (1986) and Bussmann (1988). The
efficiency it predicts is in most cases not sufficiently correct. Probably this is due to the model used
for power output as provided by the pyrolysis of the wood. Every newly added batch of wood is
assumed to start pyrolysing at once. This is obviously incorrect as can be seen when observing an
actual wood fire. Actually predicting the pyrolysis rate of the wood was still impossible. Trying to
describe this requires knowledge of the pyrolysis process in a single piece of wood. Studies and
experiments regarding the pyrolysis of wood have been done in the past, but the results are not
very consistent. Used parameters like activation energies and frequency factors can differ by
several magnitudes among different studies. The reason for this is the large number of reactions
and components (thousands of reactions and hundreds of components, see Emmons and Atreya
(1983)) occurring during the pyrolysis and combustion of wood. Usually models limit themselves
to only a few global reactions and components. The global reactions are apparently very sensitive
to the actual situation of the problem (temperature, airflows, etc.) while different values for volatile
properties, activation energy and frequency factor can produce about the same porosity profiles.
Obviously it is not possible with the present technology to measure concentrations of hundreds of
components, temperature and gas velocities on a microscopic scale. Therefore it is not very useful
to use reaction parameters found in one study to describe a situation that is not exactly the same.
As a result we will not study reaction parameters in this report as is done in some other pyrolysis
studies. This study limits itself to the effects of initial wood density, thermal radiation and moisture
content. The study leads to a model that can predict the power output of a piece of wood for given
parameters like fuel type, fuel bed temperature and moisture content of the fuel. This power output
can then be used to replace the power output Bussmann and Krishna Prasad (1986) and Bussmann
{1988) used in their model. This would result in truly predictive possibilities of that model and
probably a better prediction of the efficiency.

The effect of moisture content is extremely important for small scale wood fires, but as far
as we know nobody ever included the moisture content in the pyrolysis model. It is not much of
a surprise that modelling the effects of moisture was not done before since it complicates matters
enormously and especially the stability of numerical methods is negatively affected. This report
limits itseif to the description of a single piece of wood. Apart from heat transfer, evaporation of
the moisture and pyrolysis of the wood is included in the description. Other effects like char
combustion and flaming combustion will be omitted here since they can only be studied together
with processes in the fuel chamber, which depend critically on among others the geometry of the
combustion chamber.



Even the description of just the processes occurring in a single piece of wood is a
complicated task and requires quite a number of assumptions. The description of the evaporation
of the moisture in the wood is obtained with the work of Whitaker (1977) as a starting point.
Whitaker derived the equations describing the drying of porous solids like wood; however it is far
too lengthy to repeat in detail in this report. His explanation of the fundamentals is very clear and
a crude fundamental description will be repeated here to get a better idea of the principles at work.
For the description of the pyrolysis process the work of Di Blasi {1993) is used. Although Moallemi
et al. (1993) and Kailasanath and Zinn {1981) also described the pyrolysis of wood they only
described the process as a one-step reaction. Di Blasi (1993) and some others too used a two-step
reaction to describe the pyrolysis process. This two-step reaction scheme should solve the problem
of the reaction energies for pyrolysis. The process of char combustion which follows on the
pyrolysis is described in countless publications. A good review, aithough a bit old, was published
by Laurendeau (1979) in which he discusses the reacting core model already described by Shen
and Smith {(1965) and Wen and Wei (1971). However the char combustion is not taken into
account in this study.

To start with a description of the drying process in a porous medium is given in chapter 2.
In this chapter the point equations governing the drying processes will be introduced. These point
equations describe the problem in each point of space. The point equations require an exact
description of the medium, which is usually impossible. Therefore chapter 3 introduces the concept
of volume averaging and applies it to the previously derived point equations. This enables the
derivation of a useful mathematical description for the drying problem. In chapter 4 the pyrolysis
reactions will be introduced and the concepts from chapters 2 and 3 will be used to derive the
equations describing a moist pyrolysing piece of wood. In chapter 5 this set of equations is
converted to difference equations using the control volume method as described by for instance
Patankar 1980. This description is used as the basis for the numerical simulations. In chapter 6 a
number of simulation results are presented and discussed. The context in which this study is done
is discussed in chapter 7. The narrow context of the improvement of an earlier model and the wider
context of wood stove development for developing countries is discussed there. After this
conclusions and recommendations will follow in chapter 8. Finally a reference list can be found in
chapter 9.



2 Point equations for drying of a porous medium

To describe the situation at hand we turn to a description given by Whitaker (1977) who
derives macroscopic equations from microscopic ones for drying of a porous medium. Although he
only describes the drying process of a porous medium he introduces the concept forming the basis
of the model presented here. In most other publications the governing equations are given without
any derivation or explanation. Therefore it is not always clear how to interpret differences between
governing equations. Following Whitaker the meaning of the equations used and possible
differences between equations in different reports become clear. Whitaker considers a porous
medium (in our case wood) with a fluid (water in this case) in the interior and the remainder filled
with an inert gas and the vapour of the fluid. In Figure 1 a schematic sketch is given, it clearly
shows the different phases; the solid (o) phase, the liquid (8) phase and the gas (y) phase. For each
point in space the exact conservation equations can be written down as long as it is known to

¢ as-phase Y
liquid-phase gasp S

g

( portion of A ;¢

solid-phase Averaging Volume, V

Figure 1 Sketch of a drying porous medium.

which phase the point belongs, Whitaker therefore uses the term point equations. Throughout the
report the index B8 denote the liquid phase, y the gas phase, o the solid phase and n the n-th
component of the gas phases. In this chapter the continuity equations for the different phases and
gas components will be given first in section 2.1. In section 2.2 the energy equations for the



different phases are given, while a simplified momentum equation is derived for the gas phase in
section 2.3. To complete the set of equations boundary conditions are presented in section 2.4.

2.1 Continuity equations

The solid phase is assumed to be a rigid, non-reacting matrix fixed in an inertial frame; the
conservation of mass for the solid phase then reduces to p,=0. For the liquid phase the usual

continuity equation holds:

ap,

with p, the liquid density and v, the velocity of the liquid. A one-component liquid has been taken,
therefore no additional contin'uity equations for the components are needed.

In the gas phase N components are considered and contrary to Whitaker first order
reactions in the gas phase are taken into account. The continuity equation for the total gas-phase
is the same as the resulting equation for the liquid phase:

ap
?t_y +Volpv) =0 (2)

Since the vapour component does not take part in any chemical reaction neither as reactant nor
as product the same equation as for the total gas phase can be written down for the vapour. In fact
this equation also applies to all other components notinvolved in reactions. To obtain the continuity
equation for any of these non-involved component just replace the index y in equation (2} by the
appropriate index for that component.

For the gas components that are involved in reactions the continuity equation is written as:

ap"+V

) =7 (3)
7 (Pav,) = P4

where the index n denotes the n-th component of the gas phase. The term on the right hand side
denotes the production term of component n due to chemical reactions. In line with Di Blasi (1993}
only first order reactions with Arrhenius type reaction rates are considered. For a reacting
component n:

pn=-3 Ko, = 'E Ap.exp(-E,;/RT,) 4
. i i

with K; the reaction rate for reaction j, A, the frequency factor for the reaction j of component n,
E,; the activation energy for the reaction j of component n, R the universal gas constant and T, the
temperature of the gas phase. From the conservation of mass it follows immediately that:

bk = _pn = E Kj_pn i (5)
. i

for a component k which is a product of a first order reaction j of component n. The situation that
we will try to describe is more complicated than this, but the principle is the same. A more detailed
discussion will be given in chapter 4.



Since diffusive processes in the interior of fuel particles in a burning stove are expected to
be negligible, diffusion effects will not be considered in this report and v, in (3) can be replaced by
v,. Also the effect of electromagnetic radiation on the interior of the piece of wood is negiected
since these effects are only assumed to occur at the surface of the slab of wood. This simplifies
the original derivation given by Whitaker {(1977) considerably.

2.2 Energy equation

The energy equation for the solid phase can be written as:
0
= (p,h,) = -V -q, (6)
T p q

Here h, denotes the enthalpy of the o phase and g, is the heat flux in the ¢ phase due to heat
conduction. The solid phase velocity v, is zero, since the solid matrix is assumed to be fixed and
rigid. This appears to be a reasonable assumption, although shrinking of the solid phase does occur.
The enthalpy is commonly expressed as:

hy = CoolT, = T,2) + g )

where T,° is a reference temperature of the solid phase and h,° the enthalpy of the solid phase at
this reference temperature. With the specific heat for constant pressure of the solid phase ¢, , being
constant and using Fourier’s law the following familiar expression for heat conduction in a solid is
obtained:

aT,

pocp,v 6t = kav zTo' (8)

k, the thermal conductivity for the o-phase is assumed to be constant. However for convenience
this temperature equation is not considered, but an enthalpy equation like equation (6) will be used
instead.

The energy equation for the liquid (8) phase is different from the energy equation for the
o phase since the convection term has to be included. The compressional work and the viscous
dissipation are assumed to be negligible, resulting in:

h
3_(p;(_,d + V- lpghgvg) = -V - g (9

The energy equation for the gas phase differs from this one since the gas density is not
constant and there is more than one gas component. Again compressional work and viscous
dissipation are neglected, so the resulting energy equation for the gas phase is:

n=N n=N
%(Znnhn) +V (S pvh) = -V - q, (10)
n=1 na=

With N number of components present in the gas and h, defined in such a way that the total
enthalpy of the gas can be expressed in terms of the enthalpy of its components as:



n=N

p,h, = Y p.h, (1

n=1

In this equation the total density of the gas phase and the densities of the gas components are
used. Conservation of mass in the gas phase within a fixed unit volume leads to the relation:

n=N

p, =Y p, (12)

n=1

This equation leads to the well-known concept of partial pressures.

2.3 Momentum equation

Since the inertial frame is chosen in such a way that the solid matrix is fixed in that frame
the momentum of the solid phase is zero. So only the momentum equations for the liquid and gas
phase have to be considered. The momentum equation for the gas phase is the familiar relation:

D
Dt
with g the gravity vector. It is assumed that the viscosity u, is constant. The gravity term on the
right-hand side of (13) will be neglected. This is allowed since the magnitude of the pressure
difference is expected to be 1000 Pa over a typical length of 0.01 m, thus making the pressure
gradient term of the order 10° kg m? s'2. On the other hand the magnitude of the gas density is 1
kg m?® and the gravity vector is almost 10 m s? along the z-axis, so the gravity term is of
magnitude 10 kg m2 s2. Since this is much smaller than the pressure gradient the gravity can be
neglected. The term on the left-hand side represents the total derivative and it can also be
neglected since the magnitude here is much smaller than the pressure gradient. With a velocity that
is of magnitude 0.1 m s and a typical time step of 0.1 s the term of the partial time derivative is
of the order 1 kg m? s2. The convective term of the total derivative has a magnitude 1 kg m? s2.
Clearly both these terms are negligible when compared to the pressure gradient. Wood consists of
gas (water)} filled channels with a diameter of the magnitude 10* m, therefore the viscosity term
cannot be neglected. What remains are the pressure gradient and the viscous term. Obviously these
terms are now equal in size and determined by equation (13):

Py v, = -Vp, +p,g + u, V3, (13)

(14)

Vp, =uViv,

|14

Again this will be converted to a more useful form in the next chapter.

2.4 Boundary conditions

The differential equations derived so far require appropriate boundary conditions in order
to describe the problem completely. The boundary conditions are to be described for the interfaces



between different phases. The interface between the liquid and vapour phase is a moving surface
due to the liquid evaporation process. The evaporation process at the A, surface requires energy
causing a jump condition for the thermal energy equation. A, means the interface between the
liquid (8) phase and the gas (y) phase and equivalent for other combinations of the indices. The
interface between the liquid (8) and the gas (y} phase has a surface area denoted by A, and there
is a unit vector n, associated with this surface. This vector is perpendicular to the surface A, and
points from the surface into gas phase y (from B into y). Obviously A, =A ; and n,=-n,. To
determine the jump condition a material volume V_(t) containing both the 8 and y phase as shown
in figure 2 is considered. The volume of the 8 phase contained in the total volume V_, is called V(t)
and that of the y phase V (t). Since the material volume is chosen in such a way that it contains
no other phases it is obvious that V, (t) = V,(t) + V (t). The notation V(t) shows that the volumes can
change in time. The surface A; is the surface of the volume V(t) that is in contact with the g8

n

g Ny
‘quid bh Gas phase
LIqBUId phase (vapor + inert gas)
Y

Figure 2 Sketch of the boundaries between different phases in a volume V ,(t).

phase outside V_(t}, while A, is the surface of the volume V,(t) that is in contact with the y phase
inside V_(t). These two surfaces together form the total surface of the volume V(t). In the
following it is assumed that the surface tension is negligible for all surfaces, so the surfaces have
negligible energy. For highly porous media like wood this assumption might not be valid for the 8-y
interface and the boundary conditions described by for instance Slattery (1967) should be applied.
Since we are only exploring the possibilities of the inclusion of moisture evaporation in the pyrolysis
of wood we will not consider surface tensions of the liquid. The velocity of the interface A, with
unit vector n,, is denoted by w. Since diffusion processes are neglected v, =v, in equation (10) and

using equation (11) leads to: 3
—a-{(p,h,) +V (phyv,) =-V-gq, (15)

The energy equation for the volume V. (t) can be written as:

Ed? j (ph)dV = - j g - ndA (16)

Vit ALt



The left hand side represents the rate at which the energy of the volume V (t) changes, while the
right hand side represents the energy flux through the surface of V_(t) due to heat conduction. This
equation applies to any volume V_(t} even when it contains surfaces where (ph} and g are
discontinuous. Obviously in the # phase we get:

ph =p;h, and q-=q (17)
while substituting 8 by y gives the expressions for the y phase. Integrating equation (9) over V,
results in:

J _?_(pphﬁ)dV+\J V- (p,h,v,)dV = -VJ
it at i

At

V-.q,dV= —I

.

qp ngdA - Jqp-nﬁ,dA (18)

where Gauss’s theorem was used to equate the volume integral of the heat flux gradient to the
surface integrals of the heat flux on the right hand side. Taking an infinitesimal small element fixed
in space as a basis for the derivation of a partial differential equation for a fluid property and
applying Gauss’s theorem leads to what Whitaker calls the general transport theorem. Applied to
the energy of the volume it becomes:

ad_t (osh,)dV = a;at(pl,h,,)dv + Jpaht,vﬁ - n,dA + Jp,,h,,w - n,,dA (19)

it ) v 4

Like equation (16) the left hand side denotes the rate at which the total energy of the volume V,(t)
changes. The first term on the right hand side represents the rate of change in energy content of
the material contained by the volume V,(t). The second term on the right-hand side is due to the
convection of enthalpy from V, to the liquid phase bordering on V,, see figure 2. The third term is
the change in energy content due to the movement of the interface A, due to shrinking or
extending of the volume V, there is either less or more material contained by the volume. The
theorem of Gauss is used again, but this time to express the volume integral of the convective term
{second term on the left hand side of equation (18)) into surface integrals of the convection term.
Also using equation (19) to eliminate the first term on the left hand side of equation (18) and
rearranging all surface integrals leads to:

% (00,1 dV + Jpﬁhﬁ(vﬁ—w) 1, dA = -J

i)

s - nydA - J g * ng,dA (20)

g

The velocity at which the interface between the 8 and the y phase moves is denoted by w. The
above derivation can be repeated for the gas phase; interchanging the £ and y indices in equation
(20) gives the result for the gas phase:

% (p,h,)dV + prh,(v,-w) “n,dA = -Iq, “n,dA - Jq, - n,,dA (21)

Wit v "

Adding equations (20) and (21) and using A, =A , and n, =-n,, leads to:



q [ tonav +J[p,,h,,(v,,-w) ‘g, + 0,0, (v,~w) - n,ldA =

dtvmm (22)
- I g - ndA —J(q,, “ng, + q, * N dA
Am(t’ .y
where the definition:
d d d
— | (ph)dV = — | (pyh}dV + — | (p,h,)dV {23)
V',[(l) dt i dt At "
was used together with the definition:
I g -ndA = j qp * ngdA + [ q, -n,dA (24)

Anlt) Aylt) Alt)

which hold because A, (t) = A,{t) + A (t). Since equation (22) has to equal equation {16) for arbitrary
interface A, it follows that:

pﬂhﬂ(vﬁ—w) Chg, * pvhv(vv_w) "N = Qg g, —q, Ny (25)
This is the required jump condition for the interface between the liquid and the gas (vapour) phase.
The boundary conditions for the interfaces A,; and A, follow easily using the same methods as just
described. In fact those cases are simpler since v,=0 and the interfaces are fixed. For the A,
interface the result is:

qa . naﬁ + qﬁ . nﬁa = o (26)

and replacing the indices 8 with y gives the boundary condition for the A, interface.
A similar derivation can be made for the continuity equation. The continuity equation for
the volume V (t) can be represented as:

d
4 [ pdv =0 27
= vlmp (27)

since no source term is present. It is also possible to integrate the liquid continuity equation (1)
over the volume V,(t) resulting in:

J gy + [V -(p,vpdV =0 (28)
v

(1)

Rewriting the second term into a surface integral and using the general transport theorem:

d ap
il dVv = L4V
gt P atd +I

/) )

PpVs - MedA + Jp,,w - ng dA {29)

' 4

results in:

%J ppaV + Jp,,(v,,-w) “ngdA = 0 (30)
it

’y

Exchanging £ and y in equation (30) gives the result for the gas phase y:

10



%J p,dV + pr(v,-w) “n,edA =0 (31
o "

Adding equation (30) and (31) results in:

dt

Wit}

4 [ pav +J[pp(v,—w) “ng + p,(v,-w) - ngldA = 0 (32)

Since the first term is according to equation (27) zero and the equation should hold for arbitrary
A, this yields:

Ps(Vg-w) g, + p,(v,-w) ~ng =0 (33)

The same can be repeated for the vapour component {n= 1) of the gas the result of which can be
obtained from (33) by replacing the index y in p, and v, by 1 or V both denoting the vapour
component. For the other gas components the situation is different since those components only
occur in the gas phase. Consequently the density p,, is zero in the liquid phase and it is possible to
write for n#1:

4 [p.dv=0 (34)

it

Using this in equation (31) with the index y in p, and v, changed into n with n#1 immediately
yields:

p.v,-w) -n, =0 (35)

Since the solid matrix is fixed and the density of the solid phase is constant, the boundary condition
for the other boundaries reduce to the very simple form v,=0, v;,=0 on A, and v,=0 on A,,.

1



3 Volume averaged equations for drying of a porous medium

The quantities occurring in the point equations of the previous chapter are difficult to
determine, for instance the place of the interfaces and the velocity at which the interfaces are
moving are usually not known. To solve this problem volume averaged equations will be introduced.
These equations should for a small control volume around every point in space tell us what on the
average the behaviour of the relevant quantities are. The derivation given by Whitaker (1977} will
be followed, but with the simpler equations obtained in chapter 2 and with reacting gas
components. First the different averages are explained in section 3.1. Then averaging is applied to
the continuity equations from chapter 2 in section 3.2, to the energy equations in section 3.3, the
momentum equations in section 3.4 and finally in section 3.5 to the thermodynamic equations.

3.1 Basics of averaging

The averaging volume is denoted by V, see figure 1. Although the volume in this figure is
spherical any shape of the volume will do since the shape of the volume doesn’t enter the
equations. Regarding the averaging procedure for multi-phase problems there are three possible
ways to calculate a volume average:

1. the spatial average of some function f defined everywhere in the averaging volume V:

<f> = [fdv (36)

1
v
where <f> denotes the space average of f;

2. the phase average of a quantity defined in some phase. For example with f; a quantity
solely defined in the phase 8, with <f,> denoting the phase average of f, this results in:

<f,> = %[fﬂdv = %[f,,dv (37)
3. the intrinsic phase average. With f; again defined solely in the 8 phase the intrinsic phase
average is defined as:
<f, >4 = VL‘[fpdV = %j f,dv (38)

2

The difference between phase average and intrinsic phase average can be shown by considering
the density of the 8 phase. Denoting it as o, and assuming it to be constant throughout the g phase
and zero in the other phases the phase average density for the 8 phase is {V,/V)p, while the
intrinsic phase average density is (V,/V p,=p, It is immediately clear that the intrinsic phase
averaged density is a good measure for the actual density. However in a number of cases the phase
average and the space average are equal and a macroscopic measurement of the relevant quantity
actually determines its space average eg. temperature. Space averaged solid and liquid densities

12



are easily obtained by weighing the wet and the dry medium. Of course with the reasonable
assumption that the gas density can be neglected compared to solid and liquid phase densities.
The volume fraction occupied by the B phase denoted as ¢, is defined by:

€, - Vs (39)

Vv

The volume fractions for the other phases are defined in the same way. Since the sum of the
volumes occupied by all the different phases equals the total volume V it follows that the sum of
all the volume fractions is one, so

€ +€ +eE, =1 (40)

Furthermore the relation between the phase average and the intrinsic phase average follows from
equations (37), (38) and (39):

<f,>* = VLlfﬁdv = EijfpdV = l<f,> (a1)

. .

while equivalent expressions hold for the other phases. For later use the averaging theorem as
given by Slattery {1972} is presented here:

A
o’

<VE,> = V<f,> + %J fong, dA + 1J f,n,,dA (42)

while again equivalent expressions hold for the other phases. The tools needed for deriving the
volume averaged equations are now ready to be used in the rest of the sections of this chapter.

3.2 Continuity equations

First the continuity equation for the liquid phase will be averaged. The phase average is
obtained by integrating equation (1) over V, and dividing it by V. This results in:

ap,
%,[‘a‘{idv + %V[v “(pvg)dV = 0 (43)

’

Applying the general transport theorem equation (19) to the first term of this equation enables us
to rewrite this term as:

at

r) AUl

ap d
3 [ (F2av = Zi3 [ ppavi - %Jppw “ Ny dA - %Jpﬁw - ngydA (44)

while the second term can be rewritten using the averaging theorem equation (42) resulting in:
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<V - (pv)> =V - <pv,> + %Jppv,, “ g, dA + %J PsVp * Mg, dA (45)
Since the boundary conditions v,=w =0 on A,, inserting equations (44) and (45) in equation (43)
results in:

%<pﬁ> +V - <ppv> + .\}Jp,,(v,,-w) “ngdA =0 (46)

y

The partial time derivative in the first term occurs because the average is associated with a volume
fixed in space and as a result the total time derivative that would result from (44} can be replaced
with the partial time derivative. The last term in (46) represents the mass rate of vaporization per
unit volume:

%J Pylve - W) s ngdA = <p, > 47)

Volume averaging for the continuity equation of the gas phase can be done in the same
way and exchanging the indices 8 and y in (46) gives the result:

a<p, > ,

atv +V . <pv,>=<p,> (48)
Where the boundary condition in equation (33) was used and (47) was used to write the non-zero
surface integral as a production term component for the vapour <p,>. Note that the sign of the
production term is different from that in the 8 phase. This is because a sink in the liquid phase is
a source in the gas phase. For the vapour component this equation becomes:

iia’.i‘_>+v~<p1v1>=<p'v> (49)

For the components involved in reactions a term p, has to be considered.

a<p,>

+V o <py,> = <p.> (50)
at pnn pn

For the components n#1 the term <p,> doesn’t occur due to the boundary condition (35). For
components not involved in reactions the term with <p.> doesn’t appear either. From now on the
production term <p,> will be used for all n. This means that <p,> =0 if a gas component is not
involved in reactions neither as reactant nor as product. Diffusion effects are not taken into account
in this study, so v,=v, in these equations. Details of these derivations can be found in Whitaker
{1977) who also includes diffusion in the description.

The resulting volume averaged continuity equations are given in their phase averaged form
which as we remember is not for all quantities as easy to interpret as the intrinsic phase average
form. Therefore the continuity equations obtained so far will be rewritten in an intrinsic phase
average form except for any velocities occurring. Velocities are written in a phase averaged form
since this tends to be the form of the velocity common in other pyrolysis studies. The first term
is most conveniently rewritten using the relation given in (41) for the y phase resulting in:
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%(ey<py>n “V - <py,> = <p,> (51)

Treating the second term in the same way is useless since p, and v, are needed separately for the
numerical simulation. Therefore this term will be treated a little differently; the representation
scheme proposed by Gray {(1975) will be used. He suggested to represent quantities as a constant
value equal to the average of the quantity over the averaging volume and a small deviation from
that average for a point inside the averaging volume. So in a way similar to what is done for
turbulent flows. In this case it would mean:

p,=<p>+p, and v, =<y, > +7V, for the y phase (52)
where the tilde (~) denotes a small deviation from the average value. Of course the value, the
average and the small deviation are all zero in a phase in which they are not defined. The argument
of the second term of equation (51) is then easily rewritten as:

<pv,> = %J;pyV,dV = éj(<p,>' +p,)v,dV = <p,>V%I v,dV +

lp,(<vr> +V,)dV = <p,>r<v,> + <v,>%lﬁydv + <p,v,> = (53)

4 Y

.
v
<p,>'<v,> + <p V>

where <p,>" and <v,> can be carried through the integral sign because they are constant in the
averaging volume V. Furthermore the average of a deviation is zero by definition in Gray's
representation. Since the deviation of a quantity is assumed to be much smaller than its intrinsic
phase average (e.g. g ,«<p,>"} it follows that the last term on the right-most side of the equation
is negligible. Therefore equation (51) can be written as:

%(€y<py>")+V'(<py>V<v'>) =<p,> {54)
The other continuity equations can be handied in a similar way which leads to:
aﬁt(e,,<p,,>ﬂ)+V~(<pﬁ>ﬂ<vﬁ>)=-<pv> (65)

for the liquid phase. Remembering the convention for the notation of production terms it is possible
to write:

%(ey<pn>")+v'(<pn>'<vn>)=<,bn> (56)
for the n-th component. Writing out the right-hand side for reactants using (4) gives:

<p,> = -A<p,exp(-E,/RT,)> = -A <p,expl-a/{1+x)]> (57)

where A, is the frequency factor and E,; the activation energy for reaction j which uses reactant
n. Also the universal gas constant R is introduced here. All this is just using the Arrhenius
expression for the reaction rate for reaction j using reactant n. In the previous equation the
following expressions were used for brevity:
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g = _ Fu A x=_ 1 (58)
R<T,>’ O <T,>Y

Also Gray's representation scheme was used to represent the temperature as:

T, =<T,> +T, and p. = <p,>" +p, (59)

[ 4

where p_ is given in the representation scheme for later use. The term between the averaging signs
on the right hand side of equation (57) is written as a Taylor series in x to first order:

9 _1>-= <p,(1+axlexpl-al > ={<p,>+—9__<p T.>}expl-al (60)

(1+x) <T, >v

<pn exp [-

Again using Gray's representation scheme for p, in the second term on the right hand side and
using the relation between the phase average and the intrinsic phase average for the first term

results in:

<p.expl- L _1>={¢ <p,>+—9__(<p,>"<T,>+<p,T,>}expl-al

(1+x) <T, > (61)

=€,<p,>"expl-al

where the right-hand side results since the average of the temperature deviation in the second term
in the middle is zero and the average of the two deviations, the third term in the middle, is
negligible. Taking all these equations together results in:

E
<p,> = -A,<p, > expl-—22__1=-¢,<p,>"K, (62)
b <SP P R<T,>' r <P

the quantities <v,> and <v,> in the continuity equations are not given as intrinsic averages and
will be discussed later in this chapter. The reaction rate K, is introduced here to denote the
Arrhenius reaction rate for reaction n, so K,=A_ exp(-E, ./RT). Of course in this case the proper
temperature expression would be <T,>" instead of T.

3.3 Energy equation

The volume average of the energy equation for the gas phase will be determined next since
this is the most general case. The volume averaged energy equations for the other phases follow
easily from it. To obtain the volume averaged energy equation for the gas phase integrate (10) over
V, and divide the result by the averaging volume V. This resuilts in:

nsN

%12 {-a%-(Pnhn) +V - (p,hyv) +V -qy}dv =
' (63)

n=N

E{<aitpnhn> + <V °(Pnthn)>} + <V -q,> =0

n=1

The first term between the equal signs can be rewritten using the general transport equation:
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v

‘J%thn)dV - %{ejpnhndv} T3 [ phew o dA = 5 [ phow - mpdA -

' (64)
d 1 .
c <Paho> - VJpnhnw nzdA
The integral over A, is zero because v,=w=0 on A ,, while:
1.d d 9
~— |p.hdV = —<p,h,> = Z<p,h > 5
thlp" " gt P at o 6s)

since the average is determined at a fixed position and over a fixed volume V. The other terms can
be rewritten using Slattery’s averaging theorem equation (42) which gives for the convection term:

<V -{p,hv,)> =V - <phv,> + %Jpnhnvn "N, dA + ngnhnv,, *n,dA =
Y " (66)
V-<phyv,> + %J p.h.v, - n,dA

where the last equality holds since v,=0 on A ,. Treating the conduction term in the same way
results in:

<V-q>=V-:-<gq,> +%qu'ny,dA+équ-nyﬁdA (67)

Inserting equations 64 to 67 into equation (63) resulits in:

n=N

Y (L <oh.> + V- <p,hv,> +%Jpnhn<vn—w> *n,dA} =

" " (68)
-V .<q,> - %J q, - n,,dA —%J q, - nzdA

Taking the first two terms and expressing the enthalpy in temperature according to (7) yields:

%<pnhn> + Vo <p,h,v,> = (hno-cp.nTVO)(a_at<pn> + V- <pv,>) +
cp,,,(_aﬁt. <p,T,> +V - <p.T,v,>) = (hOo-c, T <p,> + (69)
cp,n(ait<pnTv> +V - <p,Tyv,>)

Where the continuity equation (50} was used for the last equality. With Gray’s representation
scheme for the second term on the right-hand side:

<p,T,> =<p,><T,> + <p.T,> = <p,><T,>r 70

where the last equality results since the average of the product of two deviations is negligible.
Gray's representation scheme for the third term on the right-hand side of (69) results in:
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<f,T,> = <f,><T,> = <p,v,><T,> = <p,>'<v,><T, >’ 71)

where the function f,=p, v, was used for typographic reasons. Using these last two expressions
in (69) results in:

£<pnhn> +V-<phyv,>= Ea—f(c"'“<p"> <T,>Y) +

at
Vo Acon<pn>'<T,>'<v,>) + (h0-¢c, . T°)<p,>

(72)

Inserting (72) into (68) and expressing the n-component density phase average in the intrinsic
phase average results in:
n=N

Y { %(cmey <p,>'<T,>")+V- (c,,<p,>"<v,> <T,>")+{h.°-¢c, . T,°) <p,>+ (73)

n=1

v

%Jpnhn(vn—w) ‘nedA }=-V -<q,> - .\}J q, ' n,dA - ‘Jq, *n,,dA

4 ”

The energy equation for the liquid phase is easily written down by exchanging the indices y and
B and changing n into 8 in {73) while leaving out the sum since there is only one component in the
B phase. The sign of the production term <p,> has to be changed too, since a sink in the liquid
phase is a source in the gas phase; it also follows from boundary condition (33) and the definition
of the source term in equation (47). Therefore the energy equation for the liquid phase is:

.a%(cp,,,ep <Py >PLT,>P) +V - (Coy<pp >F<vy> <Tp>%) - (h0-¢,,T°) <p, >+ (74)

%J pshylve-w) - ng dA = -V - <gg> - %J Qs * ng, dA - %J qs © ng dA

#r r

To obtain a volume averaged form for the solid phase energy equation the indices § and o in {74)
have to be exchanged. Furthermore v, =w =0 and there is no source or sink for the solid phase.
This results in:

ait(cp,‘,ea<p,,>"<Ta>°) =-V-<gq,> - %J q, - ndA - %J q, - n,dA (75)

of oy

The set of volume averaged energy equations is quite complicated and the intrinsic phase
temperatures in the different phases cannot be determined without a lot more information obtained
either from experiments or from a further theoretical discussion. Since there is no compelling reason
to work with the separate intrinsic phase temperatures local thermal equilibrium will be assumed.
This means that:

<T,>F = <T,>r = <T,>° (76)

from this and the definitions at the start of this section it follows that for instance:
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<T> =%[Tdv = 1{ deV + lev * leV} = <T,> + <T,> + <T,>

s f . (77)
=€ <T,>F +6,<T, > +6,<T,>" =(6 +€ +6)<T;>F = <T,;>f
In order to simplify the energy equations for the different phases they will be added
together. Adding equations (73), (74) and (75) and introducing the space averaged temperature

leads to the following equation:

n=N
%{ [c, .6, <p,>° + cp’ﬂeﬁ<pﬁ>ﬁ + fvz Con <P, >'1<T> } o+

n=1

n=N naN
v - { r'2’1:c‘,,,,<p,,>'<v,,>]<T> } - (h%-c ;T <p,> + nz; (h®,-c,,T®)<p,> +(78)

n=N

pﬁhﬁ(vﬁ_w) .nﬂydA + %J21pnhn(vn_w) .nyﬁdA=‘V ¢ (<qa>+<qﬂ> +<qy>)
,n=

_%J

of

|

”

[qa : ”aﬁ+qﬁ .”ﬁv]dA_%J [qa ) n”7+qv ) nva]dA_%J [qﬁ ’ nﬂv+qy 'nyB]dA

where A, =A,, was used and similar identities for other index combinations. Also the second term
on the left hand side of equation (74) was dropped since v,=0. Other terms with v, are not yet
dropped because they occur in boundary conditions that will be used. Applying the boundary
conditions for the interfaces between the ¢ and B phases (see equation {26)} and similar for the
interface between the o and y phase allows us to drop the first and second integral on the right-
hand side of equation (78). The last term on the left-hand side can be further rewritten since
diffusion is neglected, so v, =v, resulting in:

n=N n=N
%J Y o.h (v,-w)- ngdA =lJ Y p.hotv,-w)- ”mdA=%J p,hv,-w)- n,zdA (79)

\
n=1 n=1
"

where the equation (11) was used for the last equality. It is now possible to apply the boundary
condition for the §-y interface, equation (25), and get rid of the remaining surface integrals,
resulting in:

2 .
a(C‘,<p> <T>)+V+(c,,<p,>'<v,><T>) - (h%-c,;T°)<p,> +

(80)
n=N
Y (ho -¢c, T <p,> = -V - (<q,> + <q,> + <q,>)
n=1
where for convenience the total gas phase heat capacity c¢,, was introduced:
n=N
Coy <P, > = Y, Con <Py > (81)
n=1
the total heat capacity for all phases C_:
Cp <p> = Coo€o <P, >7 + Cos€s <pﬁ >P o+ Cov€y <pv >7 (82)

and <p> the space averaged density according to the definition in equation (36):
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P> =€,<p, >+ €<p, >0 + €,<p,> (83)

Attention is now focused on the right-hand side of (80). To do this first consider the expression:

<q,> = -k, <VT,> = Kk {V<T,> + %J T, dA + %A[ Tn,40A } (84)

which follows from the use of Slattery’s averaging theorem. The phase average heat flow due to
conduction for the other phases is obtained in the same way. Also introducing space averaged
temperatures results for equation (80) in:

a ,
a_t(Cp<p> <T>)+V-(c,<p,><v,><T>) - (h%-c,,T° <p,>

n=N
+Y (h° -c, . T<p,> =V - { VI(e, k,+€skp+€,ky) <T>] (85)

n=1

+ (kv\;k._v._) J T, dA + _(kﬂ\'/_kv) J T,n,,dA + ‘kv\‘/k_ﬂ’ J Tp,,0A }

where A, =A,,, n, =-n, and similar relations for the other index combinations were used. At this
point Whitaker (1977) suggests to incorporate the surface integrals on the right-hand side of
equation {85) in an effective thermal conductivity tensor k.. He introduces this result after a

lengthy derivation (however it is introduced here without delay). The final equation is:
%(Cp<p> <T>) +V -(c,,<p,>'<v,><T>) +S(T) =V - (k, -V <T>) (86)

where the temperature dependent source term S(T) was used:

S(T) = -(h%-c,,TO) <p,> + i (h -c,, T <p,> (87)
n=1
Whitaker does present arguments to support the introduction of an effective conductivity tensor.
However he is not able to give a useable form for the tensor. The problem is that it is apparently
not possible to determine the tensor elements from a theoretical point of view while it is very
difficult to determine the tensor experimentally, especially for the case of burning wood that is
considered here. For a more detailed discussion see Whitaker (1977},

34 Momentum equation

It is assumed that the gas-phase is a connected region and that there exists an arbitrary
curve entirely contained by the gas phase and which passes from one end to the other end of the
piece of wood, see figure 1. A region is defined as connected if between any two points in the
region a curve exists that connects these two points and which is contained entirely in that region.
Note that connected regions of the gas-phase can be thought of that do not allow a curve through
the gas-phase to pass from one end of the piece of wood to the other. So the second condition
above is an entirely new condition. To summarise an arbitrary curve exists that can pass through
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any point in the gas phase without ever passing an interface. The arc length along the arbitrary
curve is denoted by s and the unit tangent vector by A(s). Then the scalar product of A(s) with the
simplified momentum equation (14) results in:

pA - (Vav,) =4 -Vp, = ‘;‘;v (88)

Whitake'r‘(1 969) gives in one 6f his publications arguments for the possibility of the following map:

v, =M, <y, > (89)
with M, a matrix that maps <_|),> linearly into v, under the assumption that spatial variations in
M, are much larger than spatial variations in <v,>. Using this in {88) leads to:

% = u A (VM) - <v,> (90)
S

Integrating this along the curve from reference point s =0 to an arbitrary point s{r) leads to:

n=s{r}
pAr) = p,(0) + u{ J A-{V2M,)dn } - <v,> =p,[0) - um, - <v,> (91)
n=0
where the assumption was used that spatial variations in <v,> are negligible compared to those
in V*M, and m, was introduced for the integral. Taking the gradient of this equation results in:
(92)
V<p,r)-pl0)> = &J(py-py(O))n,dA=-,uy{ %JnymydA }<v,>=-pK " <v,>
where equation (91) was used to obtain the second equality. To obtain the third equality it was
again assumed that 4, and <v,> are constant. For convenience the matrix K, was introduced and
it is assumed to have an inverse K,, therefore equation (92) can be written as':
= 0 .
<v,> = —..:KV V(e, <p,-p,(0)>") (93)
where the phase average of the pressure is written as an intrinsic phase average and with K, the
gas phase permeability matrix. Equation (93) is also known as the Darcy equation. The matrix K,
has to be determined experimentally.
Although Whitaker provides the momentum equation for the liquid phase, v, =0 is assumed
here. He introduces more unknown parameters and his result depends on the number of 8-y
interfaces in an averaging volume too. For a large number of interfaces, a low moisture content,
the phase averaged gas velocity <v,> goes to zero. For a small number of interfaces, a high
moisture content, the expression is much more complicated. The number of interfaces is important,
because each interface has a surface tension thus messing up the expressions for gas pressure and
energy. Observations show that for large pieces of wood, eg. logs on a wood fire, moisture

' Actually this equation is incorrect, since a constant pressure and a gradient in the gas phase
volume fraction would lead to an flow of the fluid. In the correct equation the volume fraction
comes before the gradient sign and the reference pressure can be dropped, since its gradient is
zero.
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migration occurs on a macroscopic scale. However it is assumed that <v,> is zero and that
moisture migration is caused by evaporation and condensation.

3.5 Thermodynamic relations

The required thermodynamic equations were too obvious to be discussed in chapter 2.
Instead they are presented in this section and averaging will be applied to them. An assumption
that can be applied to the gas components is that they are ideal gases in which case they satisfy
the ideal gas law:

P, = PR, T, forn=1,2,.. (94)
in which p, is the partial pressure for the n-th gas component, R,=R/M, is the specific gas
constant, R the universal gas constant and M, the molar mass for gas component n. Integrating this
equation over V,, dividing by V, and using Gray's representation scheme results in the volume
averaged form of the ideal gas law:

Vl"[pndv = <p,>' = Vl'jannTde = <pn>an%1 T,dV + ani’J/ﬁ,,Tde =
' ’ ! ! (95)
<p,>'R,<T,>' + Rn<TV>VVL'lﬁndV + Rn%lﬁnfydv = <p,>'R,<T,>"

There are rate equations that connect the continuity equations with the energy equation
for all n except for the vapour component. Therefore an equation is required that connects the
continuity equation for the vapour to the energy equation. The evaporation process depends on the
partial pressure of the vapour component in the gas phase. The equation describing the evaporation
for a flat liquid-gas interface is called the Clausius-Clapeyron equation. However in this case the
evaporation occurs in a porous medium with very small pores and as a result there is a considerable
curvature of the liquid-vapour interface. It is therefore better to combine the Clausius-Clapeyron
equation and the Kelvin equation, see Whitaker (1977) and Defay et a/. (1966):

zaﬁy Ahvap 1_1 - O - Cevap L t_1 (96)
W”-T’(? ?0))] p1 exp[ (?‘*‘ﬁ:(? T_o))]

P, =p,%exp|-{
where the first term in the argument of the exponential is due to the Kelvin equation which takes
into account the surface tension and the curvature of the interface, while the second term
describes the evaporation for the flat interface. Furthermore in this equation p,° is the vapour
pressure at reference temperature T,, 0y, is the surface tension of the interface between the g and
y phases and r is a characteristic length that has to be determined experimentally as a function of
€;. The first term of the argument was redefined as a single unknown parameter C.,,, and of course
the energy needed for the evaporation of the liquid is its latent heat (Ah,,,=L). The volume average
of the last equation is obtained in the same way that led from equation {57) to equation (62) for
<p.>. Applying this results in:
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<T> <T>

<p,>" = p,%exp[~{ Com & RL(;-TL))] {(97)

where the space averaged temperature <T> was introduced.
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4 Modelling the pyrolysis of a piece of wood

In the previous chapter drying of a porous medium was described in order to introduce the
concepts that help us to understand the description of porous media. What will be described in this
chapter is the process of the pyrolysis of wet wood. The processes occurring in a piece of wood
when it is thrown in a fire are of interest. The piece of wood will be irradiated by the flames and
if present by parts of the combustion chamber. This radiation heats the surface of the piece of
wood and due to heat conduction the interior of the wood is heated. As a result a pressure gradient
of the gas phase forms and it results in a flow of the gas phase. At the same time the evaporation
of the liquid phase starts. When the temperature rises even more {typically over 500 K) the wood
starts pyrolysing and forms combustible gases and char. When a sufficient part of the wood is
pyrolysed the edges of the remaining char will start to burn. The volatile gases leave the piece of
wood entering the fuel bed where an airflow provides the oxygen to burn the volatile gases in a
diffusion flame. In section 4.1 the global reactions that are supposed to occur are presented. Next
the appropriate rate and continuity equations are given in section 4.2, while in section 4.3 the
momentum and energy equations are obtained. Finally the thermodynamic and constitutional
equations are discussed.

4.1 Global reactions

To model the pyrolysis process correctly the pyrolysis reactions have to be considered.
Usually the pyrolysis is described by a single primary reaction, see for instance Kailasanath and Zinn
{(1981) and Moallemi et al. (1993). There is some controversy on this point since some experiments
show that pyrolysis is endothermic (at low temperatures) while other experiments show that the
process is exothermic {at high temperatures). Therefore Di Blasi {1993) also considers secondary
reactions, with the primary reactions endothermic and the secondary reactions exothermic. He
assumes that due to primary reactions two gas components are formed. In this way it should be
possible to obtain endothermic reactions for low temperatures and exothermic reactions for high
temperatures. The following primary reactions are assumed to occur:

K,
WOOD - GAS
(98)

K
WO0O0D - TAR
K
wooD -° CHAR
with K, the reaction rate for the n-th reaction given by the Arrhenius factor defined as

K.=A.exp(-E, /RT). The TAR is supposed to decompose further in lighter gases denoted by GAS
as a result of secondary reactions:
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K
TAR -' GAS (93)

Of course in reality far more products are formed and react further. However that is far too
complex to model and therefore this simplified set of reactions is assumed to occur.

According to Whitaker {1977) it is possible to use the drying process presented in the
previous chapter to describe a two-component solid with one component sublimating. The liquid
phase then has to be replaced by the sublimating solid component. In order to describe the
pyrolysis process this way one could consider the wood to consist of char that remains after
pyrolysis and the volatile gases formed from the wood by pyrolysis. However this would require
the assumption of a fixed amount of CHAR forming regardless of the pyrolysis temperature. This
is not at all in accordance with experiments, therefore the description of Di Blasi (1993) will be
followed and it is assumed that the pyrolysis process results in two gas components; a heavy TAR
component and a light GAS component. Basically the solid phase is represented in the same way
as the gas phase. In this case as a phase with two components (WOOD and CHAR}. The solid
WOOD component is assumed to pyrolyse into a solid CHAR component and the gas phase
components TAR and GAS.

4.2 Rate equations

If as suggested in the previous section the solid phase reactions are represented in the same
way as the gas phase reactions already given in chapter 3 the rate equations for the different
species can be written down in the same way as the production terms for the gas component in
equation (62). It then follows from (98) that:

<pu> == <pylK, +K,+K;) > == <p, > <K, +K,+K; >W=-¢,p, (K, +K, +K;) (100}

where the index W denotes wood. From here on <f> and <fp>" are noted as f and f, to simplify
the equations. For the CHAR:

<Pc> = €uowkKs (101)

with the index C denoting CHAR. The equation for the TAR becomes:
<p:> = euoyK, - €0:K, (102)

with the index T for TAR, while for the GAS component the result is:
<ps> = €upwK, + €,0:K, {103)

with the index G denoting the GAS component of the gas phase.

In these equations a two component solid phase i.e. unreacted wood and char was
assumed and the solid components were handled in the same way as the gas phase components.
An important point can be made here if these equations are compared to the rate equations
obtained by Di Blasi. There is a difference since he uses phase averages for solid components and
intrinsic phase averages for the gas components. While he explicitly states this fact there are
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publications that do not explicitly state which average is used, e.g. Kailasanath and Zinn (1981).
Since a three phase problem is considered here volume fractions have to be used while other
publications on pyrolysis consider two phase problems which enable them to use the porosity €
which is defined as the volume fraction of the gas phase. The volume fraction of the solid phase
is in that case (1-¢) which is clearly not the case for a three phase problem. This accounts for
example for the difference between the rate equations given in this report and those given by Di
Blasi (1993) and Moallemi et a/. (1993). Since a pyrolysing {disappearing) solid phase is considered
here it is not possible to assume €,=¢,, +¢€. is constant as is done by Whitaker (1977) at some
places. However the change in €, is very slow.

4.3 Continuity equations

In order to comply with the notation that is most common in the literature about pyrolysis
of wood and to get a clearer view of the equations intrinsic phase averages are replaced with the
symbol itself. Some space averages equal intrinsic phase averages, so they can be replaced by the
symbol itself too, so <T>=T and <p,,>”=pﬂ. Phase averages will either be replaced by other
expressions or will be left unchanged. With the help of equations (100) to (103} the volume
averaged continuity equations can be written as:

%(EVpG) + Vo lpg <v,>) = €400 K, + €,0:K, (104)

for the GAS component. Here diffusion is neglected and doing the same for the TAR component

results in:
%(eypT) +V (o <v,>) = 400K, - €,0:K, (105)
Using the index V to denote the vapour component leads to:
_aa—t(eypv) sV (py<v,>) = <py> (106)

Further using the index N to denote the nitrogen component and recalling that this component is
not involved in any reactions results in:

%(E,pN) +V - (py<v,>) =0 (107)

Replacing the index N by O gives the continuity equation for oxygen. The resulting equation for
oxygen is only valid if oxygen is either not taking part in the reactions occurring or has been driven
off by the time reactions occur. This last point seems a reasonable assumption since the moisture
has to evaporate first, thus driving off the oxygen. So by the time that the temperature is high
enough for reactions with oxygen to occur it has been driven off by the moisture evaporation. This
is confirmed by simulations done during this study.

Since the velocity of the solid phase is assumed to be zero the continuity equations for the
solid components become:
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pwaitew = -(K; + Ky + Kylepwpy (108)

for the WOOD combonent and 3
Pe——€c = ExPwK; (109)

ot
for the CHAR component.

A piece of dry wood consists of pores (gas phase) in a solid phase. Pyrolysis of wood into
char results in a growth of pore sizes and numbers. Most pyrolysis gases leave the wood. The total
weight of the piece of wood decreases, due to a reduction in total solid phase matter and a
decrease in solid matter \}olume {so an increase in-pore volume). It is assumed that the density
determined by the division of the total weight of the solid phase by the total volume of the solid
phase is constant. This density is the intrinsic phase averaged density of the solid phase. For both
solid components the intrinsic phase averaged density can be considered separately. They are
“denoted by p,, for WOOD and by p. for CHAR. Since these intrinsic phase densities are assumed
to be constant and equal it is convenient to use a single intrinsic phase density p, for the total solid
phase. This density was studied by Kollman and Cété (1968) and turned out to be virtually
constant regardless of the type of wood.

The momentum equation for the liquid phase was discussed in the previous chapter and it
was there decided that in this report the phase velocity of the liquid will be neglected. This results

in the continuity equation: P
a(fpﬂp) = _<pv> (110)

with the right hand side defined as in equation (47), but still undetermined. In all these equations
the reaction rate K, is assumed to be given by the Arrhenius factor which is defined as:

K, = A expl-E,,/RT] (111)

with A, the frequency factor for the n-th reaction and E.. the activation energy for the n-th
reaction. This is in line with the volume average form for <p.> defined in equation (62).

4.4 Momentum equation

Since the velocity of the solid phase is zero and it is assumed that the velocity of the liquid
phase is zero too the momentum equations for these two phases reduce to:

<vp> =<y,> =0 (112)

while the Darcy equation (93) results from the gas phase momentum equation:

<v,> = -”le -V {€,(p, - po) (113)

with p, a reference pressure for which the ambient pressure is taken.
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4.5 Energy equation

Since the situation that is considered here is slightly different from that in the previous
chapter, the energy source term is redefined as:

SIT) = =(h%=c,, TN <Py > +(h%=CouT%) <py> +(h% - T <P >+ 1o,

= . 13
Y (he -c, . T)<p,>= 'Lpﬁ-a—tﬁ ~€wPw [ Ky BHyg + Ky AHyr +K; AHy 1 -€, 01 K AHg

n=1
To obtain this equation the rate equations (100), {101}, (102), {(103) and {110} were used.

At the start a piece of wood contains atmospheric gases in its interior. When this piece of
wood is heated the moisture in the wood starts boiling well before pyrolysis sets in. Large amounts
of water vapour are produced and high pressure gradients occur. This results in gas flows in the
interior, which in turn rapidly flushes out the atmospheric gases present at the start. When
pyrolysis sets in the only gases left in the interior of the wood are water vapour and pyrolysis
gases. Therefore atmospheric gases are flushed out of the interior well before any other gases
occur with which they can react. As a result the heat source terms of the atmospheric gases do
not have to be considered for S{T).

The last equality in equation (114) follows after rewriting and the use of the definitions:

L=hpo- h,,o - To(cp,\/_cp,ﬁ) (115)
and
AH, = h®-h°-T°(c,,-c, ) (116)

where L is the latent heat of water and AH; the reaction heat for the reaction from substance i to
substance j. Using this definition for the source term leaves the energy expression as given in (86)
unchanged.

4.6 Constitutional equations

The thermodynamic relations are given in (95) and are the usual equations for ideal gases,
but with intrinsic phase averages for pressure and gas density. Apart from these and equation (12)
which expresses the conservation of mass the following obvious equation also applies:

€, + €, + €y + € =1 (117

From these equations it follows that p,=p,R.T with R, the specific gas constant defined for this gas
mixture as:

Vg P 118
R, =2Rnp_“ (118)
14

n=1

The evaporation is governed by equation {37} and after the change in notation it can be written as:

- 1 Cevap, L 1_1 (119)
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As before the parameter C,,,, was used. This parameter differs for different types of wood and it
can even differ for different pieces of wood due to different origins in the tree of the pieces.
However it is expected to be virtually constant for pieces of wood within one batch.

in the equations so far the effective thermal conductivity matrix k., and the gas phase
permeability matrix K, remain to be determined. Both matrices are highly anisotropic for virgin wood
and almost isotropic for pure char. Most people working on wood pyrolysis and combustion do not
take this anisotropy into account. Kollman and Cété (1968) discuss the heat conductivity of wood
in depth. Their argument will be followed with a small change for the effect of the moisture present
in the wood.

Wood consists of different phases; a solid phase, a gas phase and a liquid phase. Wood
also has a highly anisotropic structure and this has its influence on the conductivity. The
conductivity along the grain is much higher than the conductivity perpendicular to the grain. The
grain of wood basically consists of a large number of cylinder shaped channels filled with gas and
moisture and enveloped by a solid woody substance. Two cases have to be distinguished; 1) the
heat flow is in the same direction as the aligned channels; and 2} the heat flow is perpendicular to
the channels, see figure 3.

Air
5 —9. Wood |8,
w1 /i” fibers — = ?6
| | °
— ]
Ky, — k,
T ky | 1
I R / L
| ke
Direction of Direction of
heat flow heat flow

(a) (b)

Figure 3 Directions of fibres, channels and heat flow for heat flow parallel to channels and
perpendicular to channels.

Of course each of the components has its own heat conductivity. The assumption that the moisture
is spread evenly along the walls of the channels makes the situation analog to parallel and serial
electric resistances and the resulting conductivity in each case is easily determined. Remember that
a resistance is the inverse of a conductivity. When the heat flow is in the direction of the channels
the conductivity for the solid is equal to the width of the solid wall times its conductivity coefficient
and the same for the gas filled channel. For paraliel electric resistances the total conductivity is
equal to the sum of the conductivity of the single components. Applying this to the heat
conductivity results in:
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Kax (O +6c +05+6,) = ky 8y +Ke ¢ +k;6, +k, 6, (120)

where k., is the total conductivity coefficient for the parallel case, &, is the thickness of the water
filled part of the channel, §, is the thickness of the gas filled part of the channel, d,, the thickness
of the unreacted solid wall and &, the thickness of the charred solid wall. This equation can be
rewritten as:

_ kgb,+k, 6, +ky Sy, +kcbc

= = ¢,k k k k (121)
kmax 6ﬁ+6-y+6-w+6-c eﬁ ﬁ+6V Y+6W W+€C C

where the volume fractions follow from the thickness of the layers.

The case where the heat flow is perpendicular to the channels is analog to resistors putin
series. This means that the total resistance is equal to the sum of the component resistances.
Translating this to heat conduction the resistance of a solid wall is the resistance coefficient, the
inverse of the conductivity coefficient, times the thickness of the wall and similar for the gas- and
liquid-layers in the channel. Using conductivity coefficients resuits in:

Sw+c+8,+6, Sy  bc 6 G, (122)
T Ko

min k—W- kC T(; ky

with k., the total conductivity coefficient for the perpendicular case. The conductivity coefficient
can be given explicitly by rewriting the previous equation and again introducing the volume

fractions that follow from the thickness of the layers. The final result of this process is:

S, 5 6y 6
B ey W ZC
1 kﬁ ky kW kc = EB + ey + €c (123)

6;+6,+6, +06 k, k, kg ke

— -

min

In a fibrous solid the effective heat conduction can be represented as a linear combination of the
heat conductivities parallel k,,,, and perpendicular k., to the grain of the wood. Introducing a
parameter € to represent the amount of mixing of the fibre directions the effective heat conductivity
can be written as:

Kett = EKpnax + (1=K (124)

with k., and k., given by equations (121) and (123). For wood Kollman and Co6té (1968) have
gathered a large number of experimental data from the literature. This shows that in the grain
direction the conductivity of wood can be represented by the previous equation with £=1, while
perpendicular to the grain the conductivity can be described with §=0.58.

The conductivity of the solid wood phase is listed by Kollman and Cété (1968) and is:

k = 6.53W/m/K  and  ky.. = 0.42W/m/K (125)

W,max

This describes the situation for dry virgin wood, however the pyrolysis process causes a gradual
change in the solid component and a movement to a more isotropic situation. This might be
described by decreasing £ in equation (124) as a function of the wood fraction, so
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£ =6 + v, (126)

€wo

where the index n denotes either the parallel or the perpendicular case. Furthermore the index O
refers to the value of the variable for virgin wood. The parameter & is basically the amount of
mixing of parallel and perpendicular aligned fibres in the char resulting from the wood pyrolysis, it
has to be determined experimentally. One axis of the coordinate system is chosen along the
direction of the grain and the corresponding element on the diagonal of the effective conductivity
matrix is obtained from equations {124) to {126) for the heat flow parallel to the grain (§,=1). The
other elements on the diagonal are obtained from the same set of equations, but for the heat flow
perpendicular to the grain direction (§,=0.58). The non-diagonal components for the effective
conductivity matrix are all zero. Having determined the effective conductivity matrix attention is
now turned to the permeability matrix.

The walls of the channels in virgin wood will block any gas flow across them and only gas
flow parallel to the channels is possible. Pyrolysis leads to cracks in the channel walls through
which gas can leak and this results in a higher permeability in that direction. As far as is known to
us no studies have been done on the anisotropy of the permeability of wood. Moallemi et a/. (1993)
assume an isotropic permeability and approximate it with the Kozeny-Carman equation, see Cheng
{1978). Strictly speaking this equation is not valid for wood, it is derived for a gas or liquid filled
with spherical solid particles. Wood on the other hand is a solid medium with gas or liquid filled
volumes. Since nothing better seems to be available the Kozeny-Carman equation will be used, it
will be extended to an anisotropic case. The Kozeny-Carman equation gives the permeability as:

2,3
Kle) =9 & (127)
175(1 -¢,)2

with d the mean diameter of the particles constituting the porous medium. This might possibly be
thought of as the diameter of the channels in the wood. In that case the numerical factor in the
numerator has to be changed. Both the diameter d and the numerical factor have to be determined
for wood experimentally. It is quite likely that the combination of the two is constant for a given
type of wood or char. The permeability for partly pyrolysed wood is written analog to the thermal
conductivity as:

K, = 2K, + (1-7)K, (128}

where K,,, was given by (127) for the direction parallel to the grain of the wood and it is zero
perpendicular to the grain. K . was used to denote the permeability of a pure char. Like the thermal
conductivity matrix all non-diagonal elements are zero. The element on the diagonal corresponding
to the axis parallel to the grain is given by (127) and (128}, while the other two diagonal elements
are given by (128) with K,,, =0. In addition to this 7 =€,/€,,, which is more or less analog to § for
the thermal conductivity.
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4.7 Boundary conditions

In chapter 2 boundary conditions were discussed. However due to the volume averaging
that was applied to these equations the boundary conditions were incorporated in the averaged
equations. Therefore new boundary conditions are needed for the equations derived in this chapter.
The boundary conditions that have to be chosen depend on the geometry of the situation that has
to be modeled. It is possible to choose open or closed ends and an end with or without heat flux.
On open ends the boundary condition is that the pressure at the boundary is equal to the ambient
pressure, while for closed ends a zero velocity at the boundary is imposed. Open ends always have
a heat flux, while closed ends will usually have no heat flux. Often publications appear where a
closed end is assumed to have a heat flux through it. In physical situations of wood pyrolysis a
closed end only arises as a result of symmetry of the overall problem and a simulation in only half
of the domain. As a result of this symmetry the temperature gradient is zero at the closed end.
Open ends in wood pyrolysis usually include thermal radiation effects at the boundary. Continuity
of the heat flux at the surface leads to the following boundary condition:

_keff gI |6V = Qg * U(To4—Tamb4) (129)

with 8V the boundary of the volume of the slab of wood, q,,, the radiation density, o the constant
of Stefan-Boltzmann, T,,, the ambient temperature and T, the surface temperature of the wood
on the boundary. The emissivity is taken as one. On the left hand side of this equation both k., and
the temperature gradient have to be evaluated at the boundary. Equation {129) is written down for
the left boundary, for the right boundary the minus sign has to be omitted on the left hand side of
the equation. In the next chapter the implemented boundary conditions will be given.

32



b Equations for a numerical simulation

The set of equations derived in chapter 4 should be put in a form that can be handled by
a computer. This is done by replacing the differential equations by the corresponding difference
equations. There are several ways to do this e.g. integrating over control volumes and Taylor series
expansions. Anderson (1995) uses Taylor series, while Patankar {1980) gives an elaborate
discussion of the control volume approach. Anderson introduces the term conservation form for
the governing differential equations. A conservation form results when a control volume fixed in
space is used to derive the difference equations. In that form the difference equations resulting
from the Taylor expansion and the control volume approach are the same. An advantage of the
difference equations resulting from the differential equations in conservation form is that they can
handle discontinuities, while the difference equations resulting from the differential equations in
non-conservation form usually have problems with discontinuities, see Anderson (1995). The
conservation form is very useful in this model, since effects closely resembling discontinuities occur
due to the moisture evaporation and pyrolysis processes. Also it should be noted that for non-
Cartesian coordinates there is usually a difference in the difference equations resulting from control
volume and Taylor expansion methods. Physically the control volume method is very clear,
therefore it will be used to derive the difference equations.

In the control volume method a piece of wood is divided into N control volumes. Steep

gradients of moisture and wood volume fractions occur. However since they move in time through
the entire simulation regions only adaptive non-uniform grids might lead to faster convergence and
more details compared to simple uniform grids. Therefore only uniform grids are used. The grid is
chosen in such a way that the N-1 interior grid points are equally spaced with a distance of Ax
between each pair of neighbouring points. The boundaries of the control volumes are chosen in
such a way that each grid point lies exactly in the middle of its control volume, so the boundaries
are chosen halfway between the grid points, see figure 4. For the edges of the piece of wood a grid
point is put on each edge, however between a grid point on the edge and the closest interior grid
point a distance %2 Ax is chosen. In this way the grid points on the edge lie on the boundary of the
closest interior control volume, see figure 4.
This has the advantage that boundary conditions for the piece of wood can be prescribed with
some more accuracy eg. the heat flux through the surface of the particle is determined by the
temperature on the surface of the particle and this temperature is now given at the grid point on
the edge.

The difference equations for the rate equations can be obtained by integrating the
appropriate rate equations from time t to t+ At, leading to a rate equation for wood of:

t
€w = €,0expl - J (K, +K,+K,)dt’] (130)
t=At
The superscript O denotes the value at a previous time ie. at t-At. In this case €,, means ¢€,,{t) and
€%, means €,(t-At). This notation is used to make the equations more readable. It is assumed that
the time step At is so small that the integrand can be considered constant. Thus (130) results in:
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Figure 4 Control volumes in a one-dimensional piece of wood.

€y = €°expl-(K, +K,+K;)At]
For the charcoal rate equation the integration yields:

€. = €° + BﬂeWKSAt
(o]

(131)

(132)

For the gas phase components and the liquid the rate equations (102), (103) and (110) alone are
insufficient for the determination of all gas densities and phase fractions and it is most convenient
to insert them into the corresponding continuity equations. As an example the continuity equation
for the TAR gas phase component in one dimension will be discussed. The TAR gas component
shows all the problems that can occur and the other gas components are simpler cases that are
easily obtained by repeating the process and making the appropriate simplifications. Higher
dimensional equations and equations for non-Cartesian coordinates can be obtained in a similar

Control volume i

i-1 i i+1

e A X

grid pointi

>
»

A

Ax

Figure 5 Detailed sketch of a single control volume and its boundaries.
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way. To obtain the difference equations the TAR continuity equation (105) is integrated over the
control volume i, see figure 5.
This results in:

e e e e

1%(6ypr)dx + l.a%(pT<v,>)dx = l<pT>dx = I[ewprz-eypTK,,]dx

W

(133)

with e denoting the east boundary and w the west boundary of the contro! volume. The second
integral on the left hand side is easily calculated, while for the other integrals it is assumed that the
integrand is constant over the control volume which has a length Ax. This leads to:

(a%(e,pT))iAx +(pr<v, > ) ~pr <v,>), = [eyowK))i-(€,0: K ) 1AX (134)

here the single index i denotes the value of the variable at the centre of the control volume i and
the indices i,w and i,e denote the corresponding variable at the left (west) respectively right {east)
boundary of control volume i. Several sources say that combustion and pyrolysis processes are best
modeled using fully time implicit equations, therefore the time derivative in the first term on the left
hand side is taken as a backward time differentiation, resulting-in:

(135)
[(€,0r) - (€,0:)°] -ﬁ—: + %[(pT,i *Pria) <V, > pr i o) <v, > T =16y ow K, —€,00 K ] AX

The superscript O denotes the parameter value at time t-At, while all other parameters are given
at time t. A linear interpolation was used to determine the density at the control volume
boundaries. The velocities at the boundaries are most easily determined using a staggered grid. A
staggered grid also has the advantage that checkerboard pressure patterns, which are un-physical,
are eliminated, see also Patankar (1980) and Anderson (1995) for details. A staggered grid means
that the velocities are not determined at the centre of the control volumes, but at the boundaries
of the control volumes, eg. at positions e and w in figure 5. Using the Darcy equation to determine
the velocities at the staggered grid points results in:

K
<v >, = =Ll (B, =Pl - (€, (P, =Pol)] (136)

where the index i for the velocity denotes the velocity at the boundary east of control volume i.
This means that the velocity at the boundary west of control volume i, which is also the velocity
at the boundary east of control volume i-1, is denoted by the index i-1. Since equation (136) is a
central difference expression the truncation error is of magnitude {Ax)? instead of Ax for forward
or backward differencing, see Anderson (1995). Since backward differencing is applied to the time
derivatives, their truncation errors are of magnitude At.

The energy equation can be calculated in a way very similar to the continuity equation. The
simplified form (86) containing the source term and the effective conductivity will be used. In one
dimension the equation becomes:

9 2 2 2
-a-t-(C,,pT) + a(cwpy< v,>T) + S(T) = 57“(’"5)21—) (137)
where it is assumed that the matrix k., in the original equation has only one non-zero component

in the x direction, so for the first diagonal element. Aiso space averages were used except for the
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velocity. More complicated cases are easily calculated, but involve a lot more writing. Like the
continuity equation this equation is integrated over the control volume i, resulting in:

ZAX_:[(CppT)i—(CppT)ﬂ] (e, ,0,T).<v,>~(c,,0,Th.<v,>., + S(TAx =
(138)
1

(keffaix-r)i,e - (keff%T)i,w = -A—x[keff,ie(TM ‘Ti)'ke",iw(Ti'Ti-1)]
where the last equality results from using a central difference approximation for the temperature
gradient at the boundaries of the control volume. This completes the set of difference equations,
the equations that were not discussed here were ordinary algebraic equations and do not need
further discussion.

The generalised Newton-Raphson method appears to be the only stable solution method
when evaporation is included. However even that method slows down enormously with the
evaporation effect included and larger permeability values (around 10°'® m?). All other methods that
were tried failed to converge in at least some normal circumstances. The reason that most methods
fail to converge will be made plausible below.

The gas continuity equation provides an estimate for the gas density. The source term in
the continuity equation is not relevant for the stability calculations, so a simple gas continuity
equation is used. To simplify matters the gas component index is dropped for the remainder of this
section. The continuity equation can be rewritten in the form:

pi(nd): —L{(fy,ipi(n),o‘*%[(pi(n) .,.pM(n)) <Vy>i_(pi-1(n) +pi(nl) <Vy>.-1]} (139)

Vil

the superscripts of the densities denote the iteration number, so the left hand side denotes the
(n+ 1)-th approximation of p, and it is given as a function of its n-th approximation on the right
hand side. For convergence the absolute value of the derivative of the (n + 1}-th approximation to
the n-th approximation should be less than 1. Since the velocities also depend on the gas densities
the derivative is:

(140)

ap'ln~1) At ]

= [<Vy>i-<Vy>i,1+(pi(n) +pi+1(n))

a<v, >, oy <V, >
oo™ €,.2Ax g P A — e
i Al

ap‘(n) ap‘(n)

To calculate the derivative of the velocity to the density the derivative of the Darcy equation is all
that is needed. The result of this is:

a<v,> K, RT (141

€. .
dp" ,uyA xM

The derivative for <v,>,, is calculated in the same way. Except for the sign the result is the same
as in the previous equation. Inserting the velocity derivatives into equation (140) results in:
™" At

B 2Bk TtV Tt

K€, RT,

u, AxM (0, +2p{" +p;.,")] (142)
1 4

The combination of the first two terms is generally less than one for reasonable step sizes. Since
the density is always larger or equal to zero the combination of the last three terms is obviously
larger or equal to the fourth term, so just the fourth term will be considered for simplicity:
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{n+1)
3pi _ RAtKyTg ~ 6109KV At ~ 600 At (143)

o 4, (Ax)*M {Ax)?

At the end several parameter estimates were used to give an estimate for the time step that should
be used in order to obtain convergence. For the universal gas constant the value 8 J mole™ K", for
the temperature 300 K (ambient temperature), the viscosity 2:10° Pa s, the space step 103 m, the
molecular weight 20-10° kg and the permeability 10"'* m?. The time step has to be smaller than
1/600-th of a second if convergence is required. All these values are crude estimates and were
chosen to obtain a large time step, in reality the time step has to be a lot smaller than the 1/600-th
second that was just calculated. It seems fair to conclude that simple iterative methods of gas
densities and velocities require unacceptably small time steps; this became clear while developing
the model.

A generalised Newton-Raphson method is the solution here. In some cases the convergence
can still take hundreds of iterations, but at least convergence is obtained. Below these generalised
Newton-Raphson equations are derived. Both the Newton-Raphson and the generalized Newton-
Raphson methods can be found in several text books, see for example Hdmmerlin and Hoffmann
{1991). A gas continuity equation without sources is rewritten as:

G = [ey.ipn‘(fy,ipi)ol% + %(pa +P4)<v, > - %(pm +p)<v,>_, =0 (144)

with G, the i-th component of a N+ 1 component vector with i=0 and i#N+ 1. The i-th component
of G represents the continuity equation for the i-th control volume. For the generalized Newton-
Raphson method the (n + 1)-th approximation is obtained by the following equation:

Jg(P) (PN _pinl) = _G(P) {145)

with J, the Jacobian of the vector function G and P a vector where the i-th component is the gas
density in control volume i (p,) and again the superscripts indicate the number of the approximation.
Equation (145) is solved using the Gauss elimination method and results in the difference between
the n-th and (n + 1)-th approximation of the vector P, so the result is {P"*"-P"). The new (n+ 1)-th
approximation follows by adding this difference to the n-th approximation. The i-th component of
the vector function G depends on the components i-1, i and i+ 1 of P, so the Jacobian is a
tridiagonal matrix J; =9G/aP with the entries

i = _a_i_G_; = -1l<v, > +lp., +p) 2V Zin <a;i'_1>"‘] (146)
and on the diagonal
Ji,a=3—§=€y,i%+%l<V,>i-<V,>i-1'(pi-1 +pi)a<;—;i>"1+(pi +pi‘1)a_<.a__;:_i] (147)
and aG, 1 a<v, >,
Jiir = e = 2l<v, > +(p., +p‘)_a_p:1—] (148)

with i0 and i=N+ 1. To limit writing the superscripts were dropped, but they all have the index
{n). For i=0, for the open end, the density is determined by ideal gas law, so
with the obvious entry
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Ro, To (149)

GO = pamb_ M

aG RT
Jo.o=2"0-__6 (150)
0,0 apo M

and O for J,, ;. The closed end is determined by the zero density gradient, 0 py=py.,, and Jy,y=-1
and Jy,,n.1=1. This completes the description of the generalized Newton-Raphson method and
guarantees convergence. Of course the method should be applied to all gas components. To speed
up the sometimes only linear convergence some additional strategies are recommended.
Unfortunately a lack of time prohibited the search for an increased convergence. Convergence is
assumed to be obtained if for all variables x with an absolute value larger than 10 the condition

X(n+1l_x(n)| < e (151)

x(n+1)

In the next chapter the value of €, is listed in Table | (€,..=10").

The set of energy difference equations can be represented by a tridiagonal matrix too and
it can be solved using the Gauss elimination method. The complete solution method can be outlined
along these lines

O Calculate the new values for the thermal conductivity (equations (121) and {(123)-(124))
and permeability (equations (127) and (128} with 7=€y/€yo).

o Obtain temperature from the set of energy equations (138). The resulting tridiagonal matrix
is solved using Gauss elimination.

& Get the volume fractions for WOOD and CHAR from their rate equations (131) and (132).

O In volumes without moisture (¢,=0) use the generalized Newton-Raphson equation for the
vapour component to obtain the vapour density (adapt (144) to (150)).

O In volumes with moisture {€,#0) obtain the vapour density from the Clausius-Clapeyron and

Kelvin equation (97). Then obtain the liquid phase volume fractions from the set of vapour
continuity equations.

Use the generalized Newton-Raphson method to obtain all other gas component densities
(adapt (144) to (150)).

€, = 1-¢€, - €, - €. Equation (117).

Calculate the total gas pressure from the partial pressures.

Calculate the gas velocity using the Darcy equation (13€).

If the accuracy is obtained (if (151) holds) start with the next time step, else go back to

the top of this list.

o

S OO0
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6 Some numerical simulations

Studies can be found that investigate the effect of several parameters on the pyrolysis of
wood. The parameters studied are usually reaction rate parameters {frequency factors, activation
and reaction energies for several global reactions), permeability and thermal conductivity of solid
components of wood. These parameters are all material properties that are difficult to change and
they are usually highly uncertain, since they depend on the type and structure of the wood. This
wood structure depends among other factors on the age of the tree, position in the tree trunk,
weather- and soil-conditions. The present practice is to take values for parameters from tables and
vary them to see how sensitive variables like eg. gas pressure or a gas component density are for
changes in the parameters. It is probably more useful to determine the values of the parameters
experimentally for almost every batch of wood that is used for comparisons, thus providing a more
reliable match between experiments and simulation. Even the highly uncertain global reaction rates
can be more accurately estimated when permeability, heat conduction and initial wood density are
experimentally determined. This determination would require a very well equipped lab indeed and
most labs studying wood combustion do not have the required equipment and our lab is no
exception. Even with a well equipped lab determination of reaction parameters is difficult if not
impossible. This is caused by the large number of reactions occurring in the combustion of wood
and the fact that not all gas concentrations can be determined with the required accuracy. Of
course the highly virulent reaction zone and its high temperature do not help either.

The effect of varying reaction rate parameters and most other matter properties do not
produce any surprising results and can be found in the literature anyway, see for example
Kailasanath and Zinn (1981), Moallemi et a/. (1993) and Di Blasi (1993). The effects of other
parameters that are expected to vary in the field are studied. To be more precise the effects of
thermal irradiation of wood, the initial density of the wood (the space averaged wood density varies
with the type of wood) and the moisture content of the wood on the pyrolysis and drying
processes are studied. Especially this last point has as far as we know never been studied before,
while in practice wood always contains an important fraction of moisture. However in view of the
stability problems, see previous chapter, and slow convergence of the simulation calculations when
moisture is included it is not much of a surprise that no studies seem to exist.

6.1 Geometry

The piece of wood is irradiated from the left with radiation density q,,,, so the boundary
condition is given by equation (129). The left end is open, so gases leave the piece of wood on the
left end and p, =p,., at that end. The right end is assumed to be closed so v,=0, while this end
is not irradiated, so setting qg,,; =0 and dropping the minus sign on the right hand side of equation
{129) gives the boundary condition for the right end. The right end is just supposed to be closed,
no symmetry is assumed. The initial conditions are set to ambient values and the parameter values
that are chosen for the simulation are all reasonable values for a typical case of wood pyrolysis,

39



see table I. Thermal conductivity for the solid phase was chosen at k,,=0.4 W m” K" which is in
Iihe with most studies on wood pyrolysis. The space averaged wood density is chosen as p, =650
kg m and this is the density for beech. A moisture fraction [m]=0.1 is chosen and this is typical
for lab experiments, in the field values between 0.2 and 0.3 are more realistic.

Table | Parameter values as used in the simulations.

o =57810"Wm?2K* R = 8.319 J mol’ K"

M,, = 32-10% kg M,, = 28:107 kg M, = 18-107 kg
k, = 0.6 Wm" K" c,, = 4.1810°J kg’ K'  p, = 10° kg m?

L = 2.26:10° J kg “¢,, = 2:10° J kg K k, = 25.77-° W m" K~
k, = 0.4Wm'K"’ k. = 0.42Wm' K" o, = 1460 kg m?

Po = 650 kg m™ Cow = 1354 Jkg' K C,. = 669 J kg’ K
L, = 1510 m

T,.. = 300 K Pos = 1.01-10° Pa

[m] = 0.1 Q. = 3.182:10* W m*?

At = 0.1s N, = 31 nodes €cc = 107

c,c = 1089 J kg" K c,: = 1089 J kg K" M, = 30-10° kg

M, = 60-10° kg 4, = 2.610° Pa's Covey = 100

Ko = 107" m? A, = 2000 s™ E, = 80/R kJ mole”
A, =05s" - E, = 35/R kJ mole™ A, = 1500 s™

E; = 80/R kJ mole” A, = 4.2810%s" E, = 108/R kJ mole™
AH,. = 0.5 MJ kg AH,; = 0.5 MJ kg AH,. = 0.5 MJ kg

AH., = -42 kJ kg

Here the value of C,,,, =100 K introduced in equation (96) is given and the permeability K,=10
*m? in this table is for dry virgin wood. Equation (127) is used to calculate the permeability for
moisture containing wood, an equivalent correction is made for the charred wood. For the initial
wood density used here the permeability value is probably a little too large and should have been
chosen a factor 10 or 100 smaller. Also the permeability was not adapted to the initial wood
density as should have been done, instead it is kept constant in all initial conditions for the
simulations in this report. This is acceptable since simulations showed that the effect of
permeability is totally insignificant, except for the internal gas densities which are slightly affected
and the gas pressure which changes enormously. However the positions of the pyrolysis front and
the evaporation front, both of which will be explained later, will be studied and these are not
affected by the permeability.

First a problem caused by the discretization of the equations will be looked into. This
problem shows up clearly in the evolution of the TAR density, see figure 6. This graph shows a
number of sharp peaks, which are discretization effects. in figure 7 on the other hand no peaks are
vi‘s_ible. The difference is that for the simulation for figure 6 moisture was present, while for the
simulation for figure 7 no moisture was present. This seems to suggest that the moisture volume
’ ,fréction and the vapour density can lead to discretization effects. A possible explanation is given
below. The evaporation process in two adjoining control volumes is considered, both still containing
moisture. Assuming that the wood is irradiated from the left only the left control volume has the
highest temperature. To simplify writing the indices | for the left and r for the right control volume
will be used. Assumed is that T, is smaller than the effective boiling temperature T,, then T,<T, too
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Figure 6 Discretization effects on the intrinsic phase average TAR density profile.

At 1.25 mm from edge

2
(@]
T

o
S
T

TAR density (kg/m®)
R

0 L L L 1
0 200 400 600 800
Time (s)

Figure 7 Intrinsic phase averaged TAR density profile. No moisture in the wood.

and the evaporation process is fastest in the left control volume. Due to heat conduction T,
increases until T,=T,>T,. Assuming that both control volumes still contain a significant amount of
moisture at this point the moisture in the left control volume startsboiling, thus speeding up the
evaporation process enormously, resulting in a large pressure build-up. The pressure in the left
control volume becomes considerably larger than in any of its neighbours, causing high velocities
out of this control volume. In fact the pressure in this control volume is higher than anywhere else
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in the wood. Due to the very high evaporation rate the gas phase of the left control volume
contains almost exclusively water vapour. This moves to neighbouring control volumes with high
velocities, thus flushing out other gas components from those control volumes. This flushing
process explains the right hand slope of the peaks in figure 6. These processes continue until the
moisture fraction in the left control volume becomes negligible. Usually T, is still smaller than T,.
If this is not the case steam explosions would result inside the wcod and tear it up. In fact that is
what happens in a wood log fire, although only on a small scale, and the steam explosions can be
heard as the popping of the burning wood. Returning to the assumption T,<T, consider the
evaporation rate again. In the left control volume there is no moisture left to evaporate, while in
the right control volume T,<T, resulting in a much slower evaporation rate. Now T, will increase
rapidly, since no energy is used for the evaporation of moisture. This rapid temperature increase
causes a further albeit slower increase of pressure in the left control volume. This leads to a
flushing effect that is still increasing, but at a much lower rate. In turn this leads to a reduced rate
of gas component density reduction, thus explaining the shape of the valleys in Figure 6. After
some time the increase in temperature is no longer sufficient for a further increase in pressure in
the left control volume. In fact this pressure starts reducing quickly due to the outflow of gases
while no source is present. In the right control volume the pressure is still very much lower than
that in the left control volume, so all velocities reduce considerably. This in turn reduces the
flushing out of gas components by vapour and as a result the concentrations of all components,
except possibly the vapour, increase rapidly. This explains the left hand slope of the peaks in
Figure 6. Very soon T,>T, and flushing causes a rapid decrease in gas component density again.
In fact this already starts when the gas pressure in the right control volume p, is larger than the gas
pressure in the left control volume p,.

6.2 Evaporation and pyrolysis fronts

[t is obvious that the moisture in a control volume is usually not evenly distributed.
Especially in the hottest volume still containing a significant amount of liquid the moisture is
distributed unevenly. In that case the left most part of the control volume contains a negligible
liquid moisture fraction while for the right-most side the liquid fraction is of the same magnitude
as that of the control volume on the right. Somewhere in between there would then be a region
with a very sharp gradient in the moisture fraction and this region could be considered as an
interface or front. It is now assumed that such a front exists and a method is given here that could
be used to calculate a position of the front. To make the equations more readable the position of
this evaporation front at time t will be denoted by x, and its position at time t-At by x.,°. This
description would result in a zero moisture fraction on the left side of x, and a constant moisture
fraction ¢, on the right side of the control volume containing x,, see figure 8. The moisture fraction
€sm.1 in the control volume n + 1 is in general not constant and not equal 1o €, Or €. The moisture
volume fraction profile looks more like the sketch of the real profile in the graph. The bump is
caused by condensation of water vapour and this is confirmed in simulations, see for example
figure 9. Due to the very steep gradient of the liquid phase the bump in figure 8 is deformed to the
spiky shape it has in figure 9. The moisture fraction €, in control volume n is the average over the
volume of control volume n. The value of €,, is chosen at the moment that x, crosses the boundary
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Figure 8 Sketch of the moisture profiles in drying wood.
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Figure 9 A moisture profile in drying wood according to a simulation.

of a control volume, so when x.° is in control volume n-1 and x, in volume n. The value of €, is
then given by:
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= _ Sm (152)
pe n-(x,/Ax)

Thus ensuring that no sudden jumps occur when x, crosses a boundary. The position of x, is now
easy to calculate when x, and x.° are in the same control volume.

x, = Ax{n-5en) (153)
Eﬁe

Note that with €, given by equation (152) x, is given in a consistent manner when x, crosses a
boundary and with €, =0 x, reaches the right boundary of the control volume as it should.
Following this method closely the evaporation front would never cross a boundary, so a zero-th
order estimate of x, is used for every new time. The zero-th order approximation is used for all
other variables too and is given by

Xx©(t+At) = x(t) + [x(t)-x(t-At)] (154)
Here x'” is the zero-th order approximation of a variable x. When x, and x.° are contained in the
same control volume equation (153) gives the value of x,. However if x, and x,° are not contained
in the same control volume, then x, is obtained from its zero-th order estimate and with equation
(162) a new value for ¢, is calculated. In this last case the zero-order approximation of x, is
assumed to be the final result and ¢, is updated as long as the required accuracy is not reached.

A similar exercise to the one for the evaporation front can be done for the pyrolysis front,
however since no condensation of the solid phase is possible the pyrolysis front is calculated in a
slightly different way. It is assumed that the position of the pyrolysis front is at the point where
€. {x,t)=c. Here c is the wood fraction that is assumed to exist at the exact position of the
pyrolysis front and it is assumed to be constant. Since this is just a concept that is supposed to
reduce the discretization problem and not meant to describe the pyrolysis process accurately the
value of ¢ is not that important. Of course it should meet the criteria 0 <c<¢,(0) with €,(0) the
initial solid fraction of the wood. This is obvious since the wood volume fraction can not increase
and also can not become negative. The position of the pyrolysis front is taken at the point where
€.{x,t) =c =¢e"€,(0). Assuming a linear profile between neighbouring points for the wood fraction
it is clear that

€ (X,t) = € + (€unt ~€Eun ) (== -n+1) (155)
Ax 2

With n the first point left of x, and n+ 1 the first point right of x,, Ax the distance between points
n and n+1 and x the point where €,(x,t}) is obtained. The position of the pyrolysis front x, is
calculated by setting €,(x,t) to e'¢,(0), x to x,. Solving the resulting equation for x, results in:

e €ul0) ~€un (156)
€,

X, = Ax[n - 2 +

N -

Ewn¢1 “Cwn

Wood, char and liquid phase fractions as well as the gas densities, gas velocity and gas
pressure are mainly caused by evaporation and pyrolysis. The temperature is mainly determined by
the evaporation and the different phase fractions which in turn are mainly determined by
evaporation and pyrolysis again. Other parameters influence the actual values of the above
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mentioned variables too, but without evaporation and pyrolysis negligible changes in velocity and
pressure result. Basically the piece of wood could then be described as a solid and the solution of
its heat conduction equation would describe the situation quite accurately.

Since pyrolysis and evaporation affect all other variables it seems obvious to consider the
effect of several parameters on these two variables only. The position of the evaporation and
pyrolysis fronts in a simulation are easy to track and the effect of parameters on them is far more
easy to quantify than for any of the other variables. Therefore the effect of thermal radiation q,,,,
initial wood density p, and moisture content [m] on the position of the pyrolysis and evaporation
fronts will be studied.

Using the expressions for x, and x, arrived at earlier in equations (153} and (156) in a
simulation results in the graph in figure 10. This graph shows that the evaporation front moves
much faster (steeper gradient of the curve) than the pyrolysis front. Of course this is due to the
fact that the effective boiling temperature is much lower than the temperature at which pyrolysis
sets in. Another important difference is that the evaporation front moves substantially virtually from
the start, while the pyrolysis front hardly moves at all for quite some time. Again this is caused by
the different temperatures at which the processes occur. It takes only a few seconds for the first
irradiated control volume to reach the effective boiling temperature, while it takes several minutes
for it to heat up to temperatures that enable pyrolysis at a reasonable rate. The fact that the
pyrolysis front does not start at x=0 is caused by the calculation method of x, and the fact that
on the edge of the piece of wood the wood fraction is supposed to be zero. Both the graphs in
figure 10 are very well described by a second order polynomial inV't, so by

X, = @ +a1\/t_+a2t (157)

Evolution of front positions
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Figure 10 The position of the evaporation front x, and the pyrolysis front x, as a function of time
in a pyrolysing piece of wood. '
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Here the index i can have the values e to denote the evaporation front and p to denote the
pyrolysis front. Of course the coefficients differ for these two cases. Some of the simulations done
in this study result in g-réphs that are also well described by a, +a;V't or by a, + a,t. For the pyrolysis
Vfront equation (157) only holds for t>7, the time when pyrolysis becomes significant.” Strange
enough the description x, =a, + a,/(t-7) + a,(t-7) is worse than that of equation {157). Fort<7x,=0
_is taken. The way to equation (157) was really quite simple; the complementary error function is
a fundamental solution of the heat equation for a homogeneous solid without heat sources or sinks.
A process like moisture evaporation or wood pyrolysis occurs mainly close to some sort of process
temperature which is virtually constant for the given situation. The complementary error function
_is equivalent to a constant process temperature for points in space and time that are determined
by the equation x=a«/t and this is the second term of (157). Some of the other fundamental
solutions also require x =a+/t to result in a virtually constant temperature. The first coefficient in
equation (157) is needed to meet initial conditions. Due to the non-homogeneous nature of the
pyrolysing moist wood and the sources and sinks in it a second order approximation is introduced
to improve the description. This second order description is the last term in {157}.

Since a simple equation can be easily and accurately fitted to the simulation data it
becomes obvious that the effects of q,,5, o, and [m] on x, and x, can be obtained by determining
their effect on the coefficients a,, a, and a, and this is exactly what is done in the next three
sections.

6.3 The effect of the initial wood density

Different types of wood have different initial wood densities p, {space averaged wood
density), therefore the effect of the initial wood density on pyrolysis and evaporation has to be
determined in order to determine pyrolysis and evaporation in different types of wood. Some
examples for different types of wood are White Fir p, =410 kg/m?, Meranti p, =600 kg/m?®, Merbau
Po =850 kg/m® and Tamarindus Indica p, =975 kg/m3, see Bussmann (1988) and Krishna Prasad
(1986). Figure 11 shows the position of the evaporation front x, for three values of the initial wood
density. As can be expected the front position at a given time is further away from the irradiated
edge for smaller wood densities. This can be explained easily since smaller wood densities mean
smaller heat capacities which in turn lead to faster heating of the material and faster evaporation.
This effect is even larger for the pyrolysis front x,, see figure 12. The pyrolysis temperature is
higher than the evaporation temperature so different heating rates occur over a longer time interval,
resulting in larger differences between the different wood densities. So qualitatively the effect of
the wood density can be explained, but a more quantitative description is possible. The dependence
of the coefficients of x, and x, on p, is not very difficult. In order to better distinguish between x,
and x,, x. will be denoted by the coefficients a,, a, and a, while x, will be described by the
coefficients b,, b, and b,. With an initial 0.1 fraction for the moisture content by weight on a dry
matter basis ((m]=0.1} figures 13 to 15 result describing the coefficients of x, and figures 16 to
18 describing the coefficients of x,. The curves are simple equations fitted to the data points
obtained from simulations. For other moisture contents ((m]=0.15 and [m] =0.25) similar graphs
could be obtained. All coefficients can be described by an equation of the form:
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C = do + d1\/pT_ + dzpo (158)

with ¢ either a coefficient from x, (so c,=a) or x, {so c,;=b) and the index i=1, 2 or 3. The
dependence of the coefficients on the initial wood density for different moisture contents is given
in the table below:

Table 1l The initial wood density dependence of coefficients.

[(m]=0.1
a, = -2.974-10" - 1.813-10° yp, - 4.124-107 p,

a, = 10.62-10* - 2.583-10% vp, + 2.197-107 p,
a, = -9.374-10° + 6.729-107 {p, - 5.701-10° p,
b, = -2.958:10° + 2.512-10* \p, - 7.411-10% p,
b, = 2.679-10* - 1.905-10° /o, + 4.713:107 p,
b, = 2.747-10° + 9.627-10° \p, - 4.7-10° p,
[m]=0.15

a, = 6.146:10* - 1.049:10* \p, + 1.18:10°¢ p,
a, = 8.324-10% - 1.184-10° /p, - 2.033:10% p,
a, = -5.232:10° + 2.389-107 \p, + 1.442-10° p,

by = -2.691-10° + 2.421-10" Vp, - 8.723-10° p,
b, = 1.864-10 - 1.255-10° \p, + 4.352-107 p,
b, = 4.09-10° - 9.228-10° p, - 2.191-10% p,
[m]=0.25

a, = -4.645-10° + 4.087-10* \p, - 1.248:10° p,
a, = 3.462-10* - 2.584-10° p, + 7.142:107 p,
a, = -4.448-107 + 2.244-107 /p, - 8.323:10° p,
b, = 6.534-10* - 1.143-10" Vp, + 1.499-10° p,
b, = 6.653-10* - 5.195-10° \p, - 1.497-107 p,
b, = -2.708-10° - 1.038-10°® \/p, + 6.256-10° p,

The reader is given the opportunity to judge the accuracy of the curves fitted with equation (157}
and the generalized equations following from the coefficients in Table il. For a representative case
the best fit to the simulation of x, is given in figure 19 and the best fit to x, is given in figure 20.
The generalized equations differ so little from the best fits that no difference can be seen on the
scale of the graphs. Therefore no curves for the generalized equations are given. Especially in the
graph for x, the fit shows values x,<0. These occur since a fit is only made over the time that
x,> %2 Ax or in other words for times when pyrolysis is significant. As a result the fit and the
generalized equations are only valid for times when x, {or x,) are positive. If a negative value is
calculated x, (or x,) is simply set to zero and pyrolysis (or evaporation) is not taking place due to
an insufficiently high temperature. If this rule is followed the simple equations resulting from Table
Il describe the effect of initial wood density on the position of both evaporation and pyrolysis front
quite accurately. So a detailed simulation is not required and x, and x, can even be calculated with
a simple calculator.
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Figure 11 The evolution of the position of the evaporation front for different initial wood densities.
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Figure 12 The evolution of the position of the pyrolysis front for different initial wood densities.
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Effect of wood density
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Figure 13 The effect of initial wood density of wood on the evaporation process, coefficient a,.
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Figure 14 The effect of initial wood density of wood on the evaporation process, coefficient a,.
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Effect of wood density
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Figure 15 The effect of initial wood density of wood on the evaporation process, coefficient a,.
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Figure 16 The effect of initial wood density of wood on the pyrolysis process, coefficient b,.
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Effect of wood density
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Figure 17 The effect of initial wood density of wood on the pyrolysis process, coefficient b,.
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Figure 18 The effect of initial wood density of wood on the pyrolysis process, coefficient b,.
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Figure 19 The position of the evaporation front for the simulation and for the best fit with (157).

Example of fit
0.004 ¢ for wood bulk density (650 kg m*)

(m)

front

pyrqusns it
[ (o]
[e) Q
—_— ny

--- Bestfit
0F— — Pyrolysis front
.5 P yrolysis fron
8o.001 |
al L
-0.002 : : ' : -
0O 200 400 600 800 1000

Time (s)

Figure 20 The position of the pyrolysis front for the simulation and for the best fit with (157).
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6.4 The effect of thermal radiation

One of the most significant parameters determining the pyrolysis is arguably the thermal
radiation applied to the fuel. The actual thermal radiation radiated to the fuel usually depends on
the presence and distance of combustion chamber walls to a piece of wood and on other pieces
of wood. This can not be determined without a detailed knowledge of stove geometry, fuel bed
status, etc. Since this is not considered in this study thermal radiation levels are just chosen and
set. Figure 21 shows the curves for x, for three values of the thermal radiation q,,4. As can be seen
a higher thermal radiation leads to a faster movement of x,, thus to a position further away from
the irradiated edge (x=0) at a given time. The explanation involving the process temperature in the
previous section can be repeated to explain the difference between the curves for x, (figure 21)
and the curves for x, (figure 22). Again the qualitative explanation of the effect of thermal radiation
on the front positions is quite easy and the effect is quantified by determining the thermal radiation
effect on the corresponding coefficients in equation {(157) Table Il gives these coefficients a, and
b, as a function of the thermal radiation q,,, for different moisture contents.

Table 11

[(m]=0.1
a, = -2.029:10% + 3.593-10%q,,, - 1.517-107° (q,,,)

a, = 7.261-10* - 7.39-10"° q,,, - 4.946/q,,,

a, = -9.92:10® + 3.752:10"" q,,, + 9.693-10%/(q,,, + 1232)
b = 4.809-10* + 46.7/(7175-q,,,)

b, = -9.23:10% + 1.27-10° q,,, + 6.058/(q,,,+10107)

b, = -1.526-10°¢ + 1.335-107° q,,, - 7.041-107® (q.,,)?
{m]=0.15

a, = -2.235-10° + 3.733:10% q,,, - 1.523:1072 (q,, )

a, = 7.048:10* - 9.84:10'° q,,, - 4.924/q,,,

a, = -2.69:10° + 4.236:10"" q,,, + 0.1054/(q,,,+ 1232)
o = 5.522:10* + 64.02/(7175-q,..)

-1.27-10* + 1.446:10° q,,, + 9.637/(q,.,+ 10107)
, = -3.522-10° + 1.428:10"° q,,, - 7.201-107® (q,,,)?

oo o
1 |

[m]=0.25
a, = -2.122:10° + 3.284:10% q,,, - 1.346-10™ (q,,,)°

a, = 6.171-10% - 6.94-10"° q,, - 4.957/q,,,

a, = -3.566:10° + 3.107:10"" q,,, + 0.1199/(q, ., + 1232)
b, = 1.231-10° + 54.47/(7175-q,,,)

b, = -6.97-10° + 1.587-10° q,,, + 7.07/(q,,+10107)
b, = -2.316-10° + 8.683-10" q,,, - 5.237-10""¢ (q,,,)?
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Figure 21 The effect of thermal radiation on the position of the evaporation front.
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Figure 22 The effect of thermal radiation on the position of the pyrolysis front.

The effect of the thermal radiation on the coefficients of x, and x, is slightly more
complicated than in the case of initial wood densities, however curves can be fitted to the
simulation data points about as well as in the case of initial wood density. Again fits for different
moisture contents were made, see Table lll for the resulting coefficients. Figures 23 to 25 show
the effect of the thermal radiation on the evaporation coefficients, while figures 26 to 28 show the

effect on the pyrolysis coefficients.
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Just as in the previous section graphs for the curves fitted with equation (157) are given
so the accuracy of the fit and the generalized equations resulting from Table lll can be judged.
Again a representative case is taken and a best fit for the position of the evaporation front x, can
be seen in figure 29, while a best fit for the position of the pyrolysis front x, can be seen in figure
30. Again the difference between the best fit and the generalized equations resulting from the use
of Table Il is too small to see on the scale of the graphs. Therefore the curves for the generalized
equations are omitted.

Like the previous section x,<0 at the start, but again x, is set to zero in those cases and
no pyrolysis is assumed to occur. The generalized equations resulting from Table Ill describe the
effect of thermal radiation on the position of the evaporation front x, and the pyrolysis front x,
quite well. However it must be said that the thermal radiation q,,, should be at least 20 kW m?. The
effect of lower values can not be described using equations derived from Table Ili. For these values
of the thermal radiation the temperature increases slowly and pyrolysis sets in late at a reduced
rate of pyrolysis. In fact 15 kW m? leads to some pyrolysis only after more than 900 seconds and
smaller values for the thermal radiation probably do not lead to sufficiently high temperatures for
significant pyrolysis. However for q,,,>20 kW m? the effect of q,,, on the position of the
evaporation front x, and the pyrolysis front x, is again well described by simple equations resulting
from Table il

Effect of thermal radiation
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0

5410 |
o

«©
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-0.0015 ; + a0
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20000 40000 60000 80000 100000
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Figure 23 The effect of thermal radiation on the evaporation process, coefficients a,
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Figure 24 The effect of thermal radiation on the evaporation process, coefficient a,.
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Figure 25 The effect of thermal radiation on the evaporation process, coefficient a,.
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Figure 26 The effect of thermal radiation on the pyrolysis process, coefficient b,.
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Figure 27 The effect of thermal radiation on the pyrolysis process, coefficient b,.
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Figure 28 The effect of thermal radiation on the pyrolysis process, coefficient b,.
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Figure 29 The position of the evaporation front for the simulation and for the best fit with (157).
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Figure 30 The position of the pyrolysis front for the simulation and for the best fit with (157).
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6.5 The effect of moisture content

A parameter that can ruin the performance of wood burning systems is the moisture
content of the wood. As a result it is important to know what the effect of moisture on pyrolysis
and evaporation is. It is customary to express the moisture content as the weight fraction of the
water on a dry matter basis, so as

Im] = eﬁ(O)pp - p,,eﬂ(O) (159)
pO psfw(o)

with p, the solid phase density (intrinsic phase average). This solid phase density is about constant
between different types of wood, see Kollman and Cété (1968).

As an example figure 31 shows the curves for the position of the evaporation front for
three values of the moisture content [m]. Since the moisture requires energy to evaporate it is
obvious that a higher moisture content leads to a lower temperature at a given time and this leads
to slower moving fronts x, and x,. As described in the previous sections this lower temperature
results in a front which at a given time is closer to the irradiated boundary. So figure 31 and 32
are qualitatively explained since both show a front position closer to the irradiated edge {x =0} for
higher moisture contents. As in the previous sections an attempt is made to get a quantitative
expression for the effect of the moisture contents [m] on x, and x,, but unlike the effects of wood
density and thermal radiation this one is quite complicated and it is quite difficult to get good fits
for the simulation data points. The data points are more or less described by equations of the
general form:

c, = e, + {e,[m] + e,)exp(-e;[m]) (160)

with the coefficient notation as before. In some cases the middle term does not result in a better
description, so in those cases it was not included. For the moisture dependence of all the
coefficients see table IV. The fits for x, are still quite reasonable, however the fits for x, are really
unacceptable. It appears that no fit of a single parameter curve (parameter moisture content [m])
is possible. It is not at all clear what the reason for this is. One possibility is that the temperature
at the pyrolysis front x, is mainly determined by the hot part of the piece of wood. In those parts
there is no moisture present anymore, thus some other parameter has a large effect on x,. On the
other hand x, can never pass x,, so there is still some effect of the moisture content too. Probably
a two or more parameter function can be fitted to x,. The effect of the moisture content on the

Table IV Coefficient values describing the moisture dependance.

a, = -1.25-10° + 1.268:10° exp(-17.94 [m])

a, = 2.751-10* + (3.2:10° [m] + 2.406:10*) exp(-7.181 [m])

a, = 8.152:107 + 2.789:10° exp(-22.14 [m])

by = -2.43-10° + (2.173:102 [m}] - 1.6:10*) exp(-10.83 [m])

b, = 1.541:10* + (-1.971-10° [m] + 3.754-10°®) exp{-13.29 [m])

b, = -6.03:107 + (6.982-10° [m] - 1.779-10°) exp(-13.25 [m])

60



coefficients describing the evaporation is shown in figure 33 to 35 and the effect on the
coefficients of the pyrolysis process is shown in figure 36 to 38.

Again a typical case is taken and direct simulation results, fitted results and generalized
equations resulting from Table IV are compared for the front positions. Figure 39 shows the direct
simulation results (solid line) and the best fit to those results using equation {157} (dashed line) for
the evaporation front. Again the best fit and the generalized equations resulting from Table IV could
not be distinguished on the scale of the graph, so the latter was dropped. However for the pyrolysis
front a clear distinction could be made between the best fit and the curve obtained using Table IV,
so both curves are presented in figure 40 together with the pyrolysis front position actually
obtained from the corresponding simulation. Again the best fit describes the position of the
pyrolysis front quite well, but the expressions in Table IV are not sufficiently reliable to be used for
the determination of x,. However it is possible to use the table to determine the position of the
evaporation front.

The effect of moisture on pyrolysis is still not quantified very well. Therefore a closer look
into the mathematical problem of a solid heat conduction equation with a moving singular heat sink
is needed. Fundamental solutions or good approximate solutions to this problem can most likely be
found in the literature and give a better idea of which function describes the effect of moisture.

Of course the equations describing singled out effects of initial wood density, thermal
radiation and moisture are not very useful. Ideally the effects of all these parameters should be
incorporated into a single equation. However this proves to be quite difficult and is left for future
research. Also a large number of experiments and simulations are needed in order to determine
reasonable estimates for frequency factors and activation energies. Other experiments are needed
to determine permeability, thermal conductivity and the constant C,,,, occurring in the combined
Clausius-Clapeyron-Kelvin equation. This is also left for future research.
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Figure 31 The effect of moisture on the position of the evaporation front.
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Figure 32 The effect of moisture on the position of the pyrolysis front.
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Figure 33 The effect of the moisture content on the evaporation process, coefficient a,.
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Figure 34 The effect of the moisture content on the evaporation process, coefficient a,.
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Figure 35 The effect of the moisture content on the evaporation process, coefficient a,.
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Effect of moisture
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Figure 36 The effect of the moisture content on the pyrolysis process, coefficient b,.
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Figure 37 The effect of the moisture content on the pyrolysis process, b,.
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Figure 38 The effect of the moisture content on the pyrolysis process, coefficient b,.
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Figure 39 The position of the evaporation front for the simulation and for the best fit with {(157).
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Figure 40 The position of the pyrolysis front for the simulation, for the best fit with {(157) and for
the curve obtianed using Table IV.
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7 Context of this study

Cooking in most of the developing countries is done with wood mostly on open fires. Two
problems related to the use of wood fires are health problems associated with wood smoke emitted
by the fire and desertification due to fuel wood use in some sensitive areas like eg. areas around
cities in sub-Saharan countries. Developing agencies and Non-Governmental Organizations are
trying to reduce these problems by fuel switching and by developing improved wood stoves. As
the name suggests with fuel switching other fuels like kerosene, natural gas, biogas and electricity
are used for cooking. Unfortunately the supply of these fuels in developing countries is often
problematic especially in rural areas and small cities. Also the cost of these fuels is often high,
again especially in rural areas and small cities where fuel wood is usually free or almost free.
Because of the disadvantages of fuel switching the dissemination of improved wood stoves is still
popular in the fight against desertification and wood smoke induced health problems. Presently
there seems to be no wood stove available that is fuel efficient, has acceptable smoke emissions
and is affordable for the users in developing countries. Some people have made wild claims, but
lab tests at for instance the Woodburning Stoves Group in Eindhoven always showed a failure to
operate with acceptable smoke emissions and sometimes disappointing efficiencies too. Regarding
smoke emission levels a notable exception is the so-called ‘downdraft stove’ developed and tested
extensively in Eindhoven. Unfortunately its efficiency is disappointing and its cost is far too high
for use in developing countries. However affordable clay and ceramic versions might be developed
successfully.

Years of testing of especially the downdraft stove at the Woodburning Stove Group lead
to the conclusion that the combustion quality (CO/CQO, ratio) is very sensitive to the air supply, see
Krishna Prasad and Moerman {1991) and Moerman (1991). Adding wood to the fire every minute
or so is best for the combustion quality. However this is not very user friendly, so the time between
two wood charges should be at least 15 minutes. In order to obtain a good combustion quality
throughout such an interval requires a way of matching the air supply to the volatile and charcoal
power output. An additional requirement is being able to control the pyrolysis rate, so fuel use can
be reduced when less power is needed for cooking. In order to be able to determine the most fuel
efficient operation of a stove configuration it is necessary to have at least some idea of the power
output of a stove. Bussmann {1988) presented a model for an open fire and a model for a ‘shielded
fire' (as the name suggests this is basically a fire with a wind shield around it). These models
enable the prediction of the stove efficiency if both the volatile and charcoal power output are
known. Bussmann used a model suggested by Verhaart (1983) for the prediction of the volatile
power. Verhaart assumes that all pieces of wood in a batch thrown onto a fire all ignite at once
and have a constant fire penetration rate. What Verhaart calls fire penetration rate is basically what
was called the velocity of the pyrolysis front in this study. A notable difference is that Verhaart
does not distinguish an evaporation front. Also his model requires experimental determination of
the fire penetration rate for every situation. So a change in wood type, moisture content or fuel bed
temperature requires an experiment to determine the fire penetration rate. For the design of new
improved stoves or the adaptation of old ones to new circumstances this is cumbersome to say the
least. The study presented in this report is a marked improvement since only a few experiments
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are required to determine values for some parameters like for instance activation energies and
effects of other parameter values and circumstances follow from the model. Verhaart's model
assumes that the fire penetration rate is constant and the moisture content is only taken into
account by adjusting the caloric value of the volatile gases. Bussmann determined the fire
penetration rate by measuring the maximum power output and the corresponding weight loss rate.
The fire penetration rate ¢ then follows from Verhaart’'s assumption of a constant fire penetration
rate. In one-dimension this becomes:

l:,v,max (1 61 )

¢ 58p.Bwh

The factor 0.8 in the numerator occurs since a fraction 0.8 of the original wood bulk density p,,
is turned into volatile gases. Furthermore P, ., is the maximum measured power output, B, the
caloric value of the volatile gases, w the width and h the height of the piece of wood. Verhaart
assumes the pyrolysis starts at the moment the piece of wood is added to the fire. This is not
completely correct since it takes some time for the sides of the wood to reach the pyrolysis
temperature. The simulations done as a part of this study showed that it can take several minutes
before a significant pyrolysis rate is obtained. As the pyrolysis front (fire penetration) is deeper
inside the piece of wood heat has to travel a longer path. Therefore it stands to reason that the
actual fire penetration rate slows down with time. This could be observed in the graphs of
evaporation front position x, and pyrolysis front position x, in the previous chapter. However
Verhaart assumes it is constant, so he predicts too high a value after some time. For times close
to zero the speed at which x, and x, travel is very high, so Verhaart's fire penetration rate c is
smaller at those times. The power output depends basically linear on the fire penetration rate, and
these effects can be found in the power output graphs of figure 41.
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Figure 41 Power output according to this study and according to Verhaart in 1-D and 3-D.
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If pyrolysis and evaporation occur in three dimensions equally in all directions then after some time
the surface area of unreacted wood is much smaller for Verhaart's model than for this study, since
Verhaart's fire penetration rate c is larger than the speed of x,. Therefore there is far less wood
available to pyrolyse, so at that time the power output obtained by Verhaart is less than that
obtained in this study. This can be seen when the graphs for both 3-D cases in figure 41 are
compared. For the one-dimensional case no surface area change occurs and the volatile power is
obtained by Verhaart is larger than that from this study over the whole interval as can be seen
when the graphs for both 1-D cases in figure 41 are compared.

It would seem that the model used in this study is a significant improvement on the model
used by Verhaart (1983} and Bussmann {1988) since this study models processes that are
discarded by the latter. For completeness figure 42 shows the separate contributions of the power
needed for moisture evaporation and the power provided by the volatile gases in one-dimension.
Since the moisture content is only 0.1 the power loss due to moisture evaporation is much smaller
than the power output for the volatile gases. Figure 43 shows the same graph for the three-
dimensional case.
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Figure 42 Volatile power and power required for moisture evaporation according to this study (1-D).

The mass evolution of a pyrolysing piece of wood is shown in figure 44. For comparability the
weight of the piece of wood is made dimensionless. Again for each model 1-D and 3-D cases are
distinguished. The graphs show that the mass of the wood for the model used by Bussmann and
Verhaart is a little larger than for this study for the first 100 to 150 seconds. This is because the
speed at which x, and x, travel for times close to zero is very high. This can be explained by the
energy equation which can be simplified (certainly for small times) to a heat conduction equation.
With the sudden switch-on of thermal radiation at t=0 its fundamental solutions are singular for
t=0. Therefore for times close to t=0 the results are incorrect. After 150 seconds the mass
according to Bussmann and Verhaart is smaller than that found with the model in this study. This
is due to the over-prediction of the fire penetration rate by Verhaart for large times.

69



Model comparison
Power components 3-D

600 Volatile power 3-D
g — —— Moisture loss 3-D
£
S 400
%)
0
o
o)
2 200
o
O ' L
0 500 1000 1500

Time (s)

Figure 43 Volatile power and power required for moisture evaporation according to this study (3-D).
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Figure 44 Mass evolution according to this study and according to Verhaart in 1-D and 3-D.

70



8 Conclusions and recommendations

The usual parameters that are investigated in pyrolysis studies are frequency factors,
activation energies, heat of reaction and permeability. These parameters are very difficult to
determine and their values are usually very uncertain. Therefore it is not very useful to study these
parameters when the aim is a model to help design small wood burning devices. From that point
of view it is far more useful to investigate the effects of parameters like initial wood density,
thermal irradiation and moisture content. These parameters can be determined easily and
accurately. In most pyrolysis studies variables like gas densities and gas pressures are studied.
Unfortunately these variables are seriously affected by discretization effects when moisture is
included. Temperature and phase volume fraction profiles are less sensitive for discretization
effects. Capturing the pyrolysis process in a single time dependent variable and the evaporation
process in another single time dependent variable makes the analysis easier. A pyrolysis front and
an evaporation front were introduced in the simulation and their positions were calculated to
describe the pyrolysis respectively the evaporation process. The fronts move in a manner that can
be expected on the basis of the process temperatures; around 373 K for the evaporation process
and 450-650 K for the pyrolysis process. The position of both fronts is very well described by a
second order polynomial of the square root of time, so by a, +a;«/t+a,t. The coefficients in this
equation depend on the simulation parameters e.g. initial wood ‘density, thermal irradiation and
moisture content.

The effect of the initial wood density p, on these coefficients a, is easily and accurately
described by a second order polynomial of \/p,, see Table II. The effect of thermal radiation q,,, is
more complicated and less accurate. Some coefficients are given by a second order polynomial in
4...- However the remaining coefficients are still described with sufficient accuracy and by simple
equations, see table lll. Matters get far more complicated for the effect of the moisture content.
Reasonable descriptions are only possible for the evaporation process, however the effect of the
moisture content on the pyrolysis coefficients is very hard to describe. The best that was managed
so far were the equations in table 1V, but these descriptions are quite crude, as is especially clear
in figures 36 to 38.

The use of the evaporation front and pyrolysis front, especially with the use of the tables,
makes it very easy to predict the power output of a piece of wood as a function of time and some
other parameters. This power output can be calculated without the need of specialized computer
programmes. This makes it well suited for field workers who can now access this potentially
valuable information. The power output can also be used as input for the open fire and ‘shielded
fire’ models of Bussmann (1988).

Attempts to combine the effects of initial wood density, thermal irradiation and moisture
content were not successful. In order to succeed in this description more simulations are needed.
Also experiments should be done in order to determine to what extent the introduced pyrolysis and
evaporation fronts exist in reality and how they propagate. To do this the positions of these fronts
should be determined during experiments. The usual density analysis at the end of the experiment
is too cumbersome and reduces the reproducibility. In the commercial sector it is already common
to measure the electric resistance of the wood to determine its moisture content. With proper
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calibration procedures this might be a viable method in lab experiments too. Probably the electric
resistance can also be used to determine the position of the pyrolysis front. Further research into
these possibilities is recommended, since it can lead to fast, detailed data.

Di Blasi enthusiastically introduced two volatile gas components formed during the pyrolysis
process in order to explain the occurrence of endothermic pyrolysis reactions in some cases and
exothermic reactions in others. Another simpler method to explain the experimentally observed
pyrolysis reaction energies seems to be only two pyrolysis reactions; one forming a volatile gas and
one forming char. However contrary to Di Blasi’s assumption the two reactions would then have
different reaction energies. Their enthalpy should be chosen in such a way that the char enthalpy
is equivalent to the correct combustion value of the char, which is about 33 MJ/kg. The enthalpy
for the volatile gas then follows from the enthalpy of the char and the combustion value of the
unreacted wood. This also makes the inclusion of char combustion a little more consistent. As long
as the activation energies for the gas and the char reactions are chosen different, endothermic and
exothermic reactions can result in different temperature regimes as experimentally observed. This
method is a lot simpler and far more easy to analyze than the two component pyrolysis gas used
by Di Blasi. Unfortunately time considerations did not permit us to try out this method, but it should
be looked into if a simple and relatively accurate model is desired.
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List of symbols

Greek symbols

é thickness

€ volume fraction (-)

€ace desired relative accuracy

€5 average liquid volume fraction in the control volume containing the evaporation front (-)

n indicates the amount of cracking of the channel walls
n=0 maximum cracking, permeability is maximal = K . (permeability char)
n=1 minimum cracking, permeability is minimal = K, (permeability wood)

K, bulk viscosity for the gas phase (Pa s)

A unit tangent vector along curve s

4, shear viscosity for the gas phase (Pa s)

¢ parameter describing the alignment of wood fibres

£=0 fibres mixed
£=1 fibres aligned

) density (kg m)

o Stefan-Boltzmann constant = 5.78:10® W m? K*

Op, surface tension of the interface between the liquid 8 and gas y phase

T time at which pyrolysis becomes significant (s}

Symbols

a, i-th coefficient of the second order polynomial in +/t describing x,

A frequency factor (s™)

A surface area of the interface between phase i and j (m?)

b, i-th coefficient of the second order polynomial in +/t describing x,

C coefficient denoting the coefficient a; or b,

C, specific heat at constant pressure (J kg K"

C..p constant in the combined Kelvin and Clausius-Clapeyron equation (-)

C, total specific heat over all phases {J kg™ K")

d mean diameter of the particles that constitute the porous medium; in this case probably
more or less equivalent to mean diameters of gas channels in the wood

d, i-th coefficient of the second order polynomial in \/o, describing the value of a
coefficient c;

E, activation energy (J mole™)

f unspecified function

g gravity vector (m s?)

h enthalpy (J kg™)

h° enthalpy at reference temperature T° (J kg™)
reaction heat for the reaction from substance i to j (J kg™)
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k thermal conductivity (tensor) (W m™' K')

Ko effective heat conductivity of a fibrous material with partially aligned fibres
K min minimum total heat conductivity of a fibrous material with perfectly aligned fibres
Komax maximum total heat conductivity of a fibrous material with perfectly aligned fibres
Kos thermal conductivity parallel to the wood grain

K1 thermal conductivity perpendicular to the wood grain
K reaction rate (s)

K, gas phase permeability tensor

L latent heat for water = 2.26 MJ kg™

L length of the wood sample (m)

[m] moisture content (fraction) on a dry matter basis {-)
m, integral as defined in equation (91)

M molecular mass (kg mole™)

M, matrix that maps <v,> linear into v,

n, unit vector associated with surface area A, (-)

N total number of gas components (-)

p pressure

q heat flux (W m’?)

r length characteristic for the gas channels in wood (m)
R universal gas constant = 8.319 J mole” K

s arbitrary curve that doesn’t pass any liquid phase regions
S source term in the energy equation (W m®)

t time (s)

At time step (s)

T temperature (K}

T® reference temperature (K)

T, surface temperature

v velocity (m s™)

\Y volume (m3)

X position (m)

X, position of the evaporation front {(m)

X, position of the pyrolysis front (m)

Ax distance between interior grid points (m)

indices

B liquid phase

Y gas phase

o solid phase

0 initial value

amb  ambient

b boiling

c char

e east
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N2
02

rad

GAS

counting index

counting index

counting index

control volume left of considered volume
material

gas component n

nitrogen

oxygen

control volume right of considered volume
radiant

TAR

vapour

wood
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Annex

The difference equations for the simulation derived in chapter 5 are one-dimensional and
are insufficient to describe realistic situations. Experiments at the Woodburning Stove Group are
usually done with rectangular blocks of wood and they should obviously be described by a set of
3-dimensional difference equations in Cartesian coordinates. Outside the lab wood fuel usually
consists of branches or wood logs. A branch can be thought of as a cylinder as can be a whole
wood log, a split wood log can be thought of as a split cylinder. In this light it is obvious to switch
to a 3-dimensional set of equations in cylinder coordinates. Generally there is little or no symmetry,
since a newly added batch of wood is mostly irradiated from the bottom by glowing charcoal
embers while the side and the top are irradiated only by flames. This results in different heat fluxes
for different surfaces of the piece of wood.

The equations that do not change when the step to three dimensions is made are the
equations for the volume fractions (117), {131) and {132}, the Clausius-Clapeyron-Kelvin equation
(119), the Arrhenius factor {111} and the energy source term. Of course the single index of a
variable corresponding with a 1-dimensional problem should be replaced by three indices
corresponding to a 3-dimensional problem eg. replace T, by T,,. The equations that have to be
adapted to the 3-dimensional case are the thermal conductivity equations {124), (126), the
equations for the permeability (127) and (128), the energy equation (86), the set of continuity
equations (104) to (107) and the Darcy equation (113}. In the next two subsections the 3-
dimensional difference equations that are changed are presented. The difference equations are first
given in Cartesian coordinates and then in cylinder coordinates. Instead of the continuity equations
for all the different gas components a single general equation is presented in this annex with a
general source term. Inserting the correct component index and the correct source term results in
the correct continuity equation.

Cartesian coordinates
For the general continuity equation the index n will be used, so in three dimensions and for
Cartesian coordinates a continuity equation is written as:

2 2 2 2 ;
= — (o V)+_Z(p VY)+ __(p. V?) = <p_>
at(eypn) + ax (pn )+ ay (pn )+ az (pﬂ ) pn

where V* is the velocity component along the x-direction, V' is the velocity component in the y-
direction and V? the velocity component in the z-direction. The finite volume method can be used
to obtain the difference equation just as was done before for the one-dimensional case in chapter
5. This results in the following difference equation:

78



i [(€,00)am—(€,0,)°,.] +$ H D0 kim *On jeetim) V i = P e *Pri-11m ) V - 1im]
+ 2+Av[ (B i +Prxiv1m) V%m =P im *Poji-1m) V Viiz1m] +

ﬁ Honim *Pnsima1) V 2k = (B im P sim-1 IV ki ] = <>

with Vi, the velocity component in the i-direction and k the index of the control volume along the
x-direction, | the index along the y direction and m the index along the z direction. In analogy with
chapter 5 V', denotes the velocity V* at kAx if i=x, V¥ at lAy if i=y and V* at mAz if i=z.
Assuming of course that the coordinates are chosen such that the origin coincides with a corner
of the wood block and that all positive axes are each positioned along an edge of the block.

Next the velocity components have to be obtained from the Darcy equation. For a 3-
dimensional case the Darcy equation leads to three equations; one for each velocity component and
they are given by

X - xXx a
\Y) = —%’K V—x(fy(py"po”
for the x velocity component
~ 9
AR —ﬂl'KWy_y(ey(py-po))
for the y component of the velocity, and
; 0
vz = -”i'K’,—z(e,(p,-po))

for the velocity in the z-direction. Introducing indices and interpolating to obtain variable values at
boundaries, just as in chapter 5 results in:

- 1 —n.}— -
Vim = ZAX”(Kxxklm+Kxxk~1lm)[ey,k+1lm(py,k~1lm Po) = €,km ( Pyuim = Po) ]

for the x-component,

VVm =~ ZAL”' (K * K 1m HE iim (P sia1m —Po) = €4 im {Pyim ~Po) ]

for the y-component and

Vigm=- 2,:1”' (K + K ima1 ) L€ pime1 (Pyjamet ~Po) =€y im (Pykim ~Po) ]

for the z-component, which completes the velocity equations.
The energy equation can be expressed in three dimensions as:

%‘Cpﬂ’*a—i‘cp.ypyTV“’*%‘cp.ynyTV”*%‘cp.yp,TWHS(T) -

aT )
eff az

3 aT,. 2 8T, . 3
e kxx v v kyy v v kzz
FFANIC -2 v ALMC i 3

which leads to th~ difference equation:
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ZHC ATy = (Cop T, 1+ {1 C, 0, Tham * (€0, TtV Xaim =
[(Co,0 Tham +(€5,00, Thecain IV caim } + 5- {10€5,0, Tham + (€50, Thim 1V Vi =
(000, Thim *+ (€00 Thacam IV Vit } + 5= {10€0,0, Thim +(C0,0, Thimad 1V i

e, P, Tham +(€0,0, Thim-11V Zum-1 } +S{T) =
™ K™t Teorim = Tam) = (K % i M T =T 1 +

2(A)()2

R K (T hi1m = T = (K + K A T = T } +

2(AY)2

{(kuum +k e ) (Tklmd _Tklm) - knklm +kzzklm—'l ) (Tklm _Tk!m—1 )}

2(A )’
where the subscript eff was dropped from the thermal conductivity k., in order to reduce writing.
In the Darcy equation the permeability is used and it should be converted to three
dimensions too. The z-axis is chosen along the length of the branch or wood log which is also the
grain direction of the wood. This makes the comparisons with cylinder coordinates which are
introduced in the next subsection easier. Assume for simplicity that permeability and thermal
conductivity in the grain direction are independent of the permeability and thermal conductivity
perpendicular to the grain direction. This was used to obtain the Darcy and energy difference
equations presented here. Obviously there does exist a link between the two cases since pyrolysis
occurs in the solid walls of the channels in the wood and a breakdown in these walls influences
permeability and thermal conductivity both along the grain and perpendicular to it at the same time.
See also equations {124), (126), (127) and (128} which are used to model permeability and thermal
conductivity in different directions. Darcy and energy equations would become very lengthy and
rather complicated, so the simple case of

K, =Kw, =K A K=, =K, A Ki, =0

v.L

for the permeability is chosen and

K% = K = Knin A k¥ = Kmax A kljeff =0

for the thermal conductivity. In both cases i and j can have the index value x, y or z with ij.

Cylinder coordinates
As was done in the previous section the index n is used for the general continuity equation,
so in cylinder coordinates a continuity equation can be written as:

a(e ,0,) +1 (rp,,V )+-—(an“')+ 9 (0, V?) = <p,>

where r, ¢ and z are the usual cylinder coordinates, V' is the radial velocity component, V? is the
tangential velocity component and V* the velocity component in the z-direction. The finite volume
method can be used to obtain the difference equation just as was done before for the 1-
dimensional case in chapter 5 and for the 3-dimensional case in.the previous section. This results
in the following difference equation:
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-Al{[ (€20 Dum = L/, )ok'm] * {({k+1 ): —k2)Ar LK+ 10, wm *Prketim) V i ~K (0n im +00 e-1im) V kctim]

+ Zij[ (Do *Prxicrm) V %im = {Prr kim +Poii-1m) Voiiml +

. [(pnklm+pnklm*1)v klm (pnklm pnklm 1)V kim- ‘l] <pn>

28z
with V', the component in the i-direction and k the index of control volume along the r-direction,
I the index along the ¢ direction and m the index along the z direction. As in the previous section
for Cartesian coordinates in cylinder coordinates V', denotes the velocity V' at kAr if i=r, V* at
IAg ifi=¢ and V> at mAz if i=z.
For 3-dimensional cylinder coordinates the Darcy equation leads to three equations; one for
each velocity component. They are given by

[ g— 144 a
Vi = "”l'K y—r(ey(py—po))
for the radial velocity
]
Ve = —”i'KW,a_‘p(ey(p,—po))
for the tangential velocity, and
2 = 22 a
vz = —”l'K ya(ey(p,—po))

for the velocity in the z-direction. Introducing indices and interpolating using linear profiles to obtain
variable values at boundaries results in:

Vi = _ZT (K" * K i fy,k«nm(py,kmm ~Po) = €.kim { Pyiam -poll

for the r-component,

V%m = (K + K am € a1 (D) kie1m ~Po) = €/ xim { Pyiim ~Po)]

2A¢ﬂ
for the ¢-component and
A — K= + K2 € ki1 {Pyime1 ~Po) = €y im (Pyiim -pol]

klm 2Azp

for the z-component.
The energy equation can be expressed in cylinder coordinates as:

%(CPPT) +'1F’aa—r(rcv,vpyTv') +'5?_(cp.vvavw) +%(Cp,,pyTV') +S(T) =

3T)+ d (kue" 8T)

1%(«","%{) -;ai(kw,..

which leads to the difference equation:
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1

wHCoP Than ~(Cop T 1t e

{k [ (cp,ypyT)klm + ( cp,ypyT)k~1|m] V 'klm
_(k_1 )[(cp.vpyT)klm +(cp.ypyT)k-1|m] \ rk-1|m) +—2{7{[ (Cp.vva)klm +(cp.vva)ka]Vwklrﬂ -

[(Cp,ypyT)kIm +(cp,ypyT)kl-1m] Vwkl-1m} +ﬁ { [ (cp,ypyT)klm +(cp,ypyT)kIm~1 ]V zklm -

((Coy By Tham + (€00, T hiien-1 1V P }+S(T) =

(kz-(k—: )2) (Ar)? (kK" *K " A Tt = T ) = (K= TR i # Ky T = Tcnin) } +

In{X)
1 k-1
2807 (k2= (k=1)2) (Ar)?
— { { kzzklm + kuklmn ) (Tklm+‘l _Tklm) - kuklm +kzzklm—‘l ) (Tklm "Tklrn-1 )}

4(az)?

(kg +K Ty =T

) _(kwwklm +k'pwkl—1m) (Tklm —Tkl-1m) } +

kim

again the subscript eff was dropped from the thermal conductivity k. in order to reduce writing.

The permeability and thermal conductivity are used and should be converted to cylindrical
coordinates too. To make optimal use of the cylinder coordinates the z-axis has to be chosen along
the length direction of the branch or wood log which is also the grain direction of the wood. As in
the previous section permeability and thermal conductivity in the grain direction are supposed to
be independent of the permeability and thermal conductivity perpendicular to the grain direction.
This was used to obtain the Darcy and energy equations presented in this subsection.

ro— K
KY KY

K,,. A K= =K,; A Ki=0

is chosen for the permeability and

w = I ve
k eff — k eff

k A kueﬂ = kmax A kijeff = O

min

for the thermal conductivity. In both cases i and j can have the index value r, ¢ or z with ij. This
completes the adaptations needed for the cylindrical case.
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