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g INTRODUCTION

Theoretical analysis of fthe pyrolysis of wood implies that a non-
linear heat balance sguation must be solved.Since there are no

analytical solutions in existence for this comlex nonlinear prob-
lem, the only way of tackling it is to use numerical methods such

as the finite difference or finite element method.

In (1}, Wickstrim describes s computer progrem, TASEF-Z, based on

the finite element method for the analysis of the thermal response
of structural elements when exposed to the action of fire. These
structural elements may consist of several materials and mey contain
cavities. The heat flow at the boundaries may comprise radiation and
convection. An explicit forwerd differsnce method is used which megans
that latent heat, for instances in cbnjunction with the vapcrisation
of water in concrete, can be taken into consideration. The program

15 two dimensional.

On the besis of & model developed by the author tor the pyrolysis of
wood {2}, a computer program, WO0D7, is presented in this report.
The program is one-dimensional and is based on the finite element

method. The solution technigues are based on those described in ([).

Expressions which must be specially introduced in corjunction with
the pyrolysis of wood are those for the pyrolytic reaction in the
wood material and the consumption of charcoal at the surface of the
material. This means that a mathematical description of these two

reactions must be provided.

The reaction is assumed to conform to & first order Arrhenius func-
tion. As a resulf of the reaction in the wood material, its density
gradually decreases. This means that expressions must be introduced

for the thermal properties of partially pyrolysed wood. The volatile

[



pyrolysis products give rise to an internal convective heat flow and
modify the convective coefficient of heat transfer at the surface of
the material. The convective flow gives rise to a nonsymmetric con-

vection matrix.

Owing to consumption of charcoel st the surface of the meterial, the
mesh division at the boundaries must he successively changed during

theg calculstions.

The report presents the theoretical model and describss the way in
which it can be approximaeted by the finite eiement method., A brief
description is given of the subroutines in the program. Finally,
experimznte and calculsticons are compared, and a sensitivity analysis

of the thermal properties of wocd is cerried out.

3]



Z. HEAT TRANSFER ANALYSIS

24 Conservation of energy

The fundasmental heat flow equation for one-dimensiocnal thermal

conduction and intermnal convection in a material is

5 . 8T T 3T
waa-iw —a-'}-{—-K—B; +Q‘—pCE—-O (2-’%)
whers

8l

k = conductivity, W/mK

= convective term, W/m2K

= heat genersted internally per unit volume, J/md
= density, kg/md

specitic heat capacity, J/kgK

= Temperature, K

= positional coordinate, m

ot X -4 0 T 5 A
Il

= time, s

The convective term is defined as

K = © I}-l” .

e (2.2]
where
Cpg = specific heat cepacity of wvoletile pyrolysis products, J/kgK

n

i mass flow rate per unit ares and time, kg/mPs

In the above, the fundamentel assumption is that for sach x there
is local thermodynamic equilibrium, i.e. that the solid phase and
the gaseous phase in the material have the same temperature over a

smz2ll space about x.



2.2 Conservation of mass

It the momentum equetion is not teken into consideration, the

expression for conservation of mass is
dp
S ¢ e {2.3)

The simplificetion implies that the volstile pyrolysis products can
mave about freely in the solid phase and that pressure gradients or

the velocity of the pyrclysis products cannot be calculated.

In actual fact, the assumption that the wvolatile pyrolysis products
can move freely within the solid phase conflicts with the fundamental
agssumption that there is local thermodynamic eguilibrium. Thermo-
dynamic equilibrium betwean the phases implies that these are in

good thermal contact.

2.3 Initi=sl and boundary conditions

In order that Equaticn (Z.71) may be solved, the boundary and initial
conditions must be specified. The initial conditions are given by
the initial tempersture distribution in the solid phase at the refe-
rence time zerc. The boundary conditicons are given as prescribed

energy flow rates or temperatures at the bounderies.

The energy flow rete at the boundary must satisfy the heat balance
equation
aT

qn :"'I’}k“é""i (2.4]



where

n = normal directed outwards from the boundary

q,, = prescribed flow rate at the boundary

It is assumsd that at & free boundery there are four energy flows,

name Ly

- oonvection between the solid phase and the surrounding gas
- radiation between the solid phase and the surrcunding gas
- energy of chemical reaction at the surfsce of the material

- outward movement of volatile pyrolysis products.

All thesz are complex phenomena, and only approximate relationships
can therefore be given. It is assumed that the convective term con-

forms to the expression

C oo 2.5)
q, = h(T, Tg) (
where

qg = heat transfer by convection, W/m2

h = surface coefficient of heat transfer, W/m2K
T = surface temperature, K
T

= ambient gas temperature, K

Radiation from the surface of the material is approximated by
& = e ol -TH (2.6)
n r s g

where

q; = hest transfer by radiation, W/m?

e = resultant emissivity
0 = Siefan-Beltzmann constant
g © absolute surface temperature, K

gbsolute gas temperature, K

i



The resultant emissivity veries with surface characteristics and
geometry, In fire engineering applications, radiant heat transfer
takes place between the surrounding flames and the surface of the
meterial. A common assumption is to calculate the resultant emissivity

as that between two infinitely long parallel planzs ({3)

“

1

r 1/€q-+1/e -1 (2.7)
5 g

[

whers
e, = emissivity of surface

gg = emissivity of gas
The energy of chemical reaction at the surface is given by’
qfl“ = noH_c § (2.8)

where
-AHS = hest genarsied by the reaction at the surfsce, J/kg
g = rate of recession of material surface due to the reaction,

m's

It is assumed that the chemical reaction st the surface is described

by & curve according to the follewing empirical equation (%)

B e—(E-A/RTs)

g = TS {2.9)
whers
TS = gurface temperature, K

B = empirical constent, 1/sK
E., = activation energy, J/mol
R

= yniversal gas constant, J/mol K



The energy flow rate at the surface of the material due to the

emitted volatile pyrolysis products is given by

mf

& = n (T,-T) (2.10)

whers

Ko = convactive term according to Eguation (2.2) at the surface
of the material

TD = reference temperature at time t = O

The total heat flow rate is calculated by summating the flow rates

due to convection, radiation, surface reactions and mass flow

C v ¢h mf
%1:%+%ﬁ%1+% (2.11)
2.4 Tne effect of mass flow rate orn the convective

surfoce coefficient of heat transfer

The products of pyrolysis given off at the surface of the material
. influence the convectlve surface heai transfer conditions. Owing to

emission of the volatile pyrolysis products in the boundary layer,

the temperature gradient scross the boundary layer is no longer

linear.

I the conductivity of the gas in the boundary layer is denoted kg

and k = m cp for the volatile pyrolysis products emitted at the

surface of the material, & heat balance eguation for the boundary

layer can be writtzsn as

(2.12)
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FIG., 2.1. Temperature distribution across a boundary layer adjacent
to the surface of & material. Curve 1) applies when there
are no volatile pyrolysis products emitted from the solid
phase, and Curve 2} whan pyrolysis products are being
emi tted.

The solution of this differential equation is

¥ roX
T = Cie -+Cze
with r, = 0
r, = K/Kg

If the thickness of the boundary layer is denoted d, the constants

81 and CZ can be calculeted by considering that (see FIG. 2.1)

T
T

g
d.

1

T  when x
5

1§
H

T when x
g



With the values of the constants E,g and CZ substituted, the tempe-

rature distribution across the boundary layer is given by

K
— X

T(x) = T —ﬁ<i—ekg ) (2.13)
5K
ekg-—l
The terpereture gredient adjacent to the surface of the material is
obtained by differentiating Equation {Z2.13]) with respect to » and

substituting the ccordinate for the maeterial surface, i.e. x = 0.

When volatile pyrolysis products are being emitited, the temperature
gradient &t the surface of the materizl, with the surface coefficient

of heat trensfer defined by h = kg/d, will be

dT) _ K 1 ) e
—-_— = — e (T =T .
(dx hd(eK/n_ e s’ (2.14)

X=0
When temperature distribution across the boundary layer is linear,

the temperature gradient at the surfzce of the material is

),

=0

(Tg-TS) : (2.15)

[mN R

Heat trensfer at the surface of ths material is proportional to the
temperature gradient 'at the surface. The usual convective energy
transtfer across a boundery layer can be corrected with respect to
mass transfer ecross the boundary leyer by the introduction of the
blowing factor E(b) which is defined as the ratio of Eguation {2.14)
to Equation (2.153, as given by

) = £ (____..},,m) (2.16)
h eK/h-—i

The convective heat transfer beiwsen the solid phase and the surround-

ing gas is then

ch
q, = h(Tg-—Té) E(b) (2.17)



For small values of «/h, i.2. & small mass flow rate at the surface
of the material, the function E(b] approaches 1 while for large

values of x/h it approsches zero.

2.5 The kinetics of wood pyrolysis and the

variaticn in material properties

A number of complex chemical reacticns are involved in the pyrolysis
ot wood, The process of pyreclysis is assumed to conform to e mean

reaction described by an Arrhenius tuncticn

%% = —pbe (/R (2.18)
where

EA = activation energy, J/mol

R = universal gas constant, J/mol K

b = constant, 1/s

p = density at section x at time t, kg/m?

The original wood material is assumed to be divided into an irreducible

part 2 which produces charcoal that is oxidised at the surface of the
material, and an active part 1 which produces volatile pyrolysis pro-

ducts. In terms of densities, this gives

poE Py to, (7.19)

The specific heat capacity of the wood material is assumed to follow a
linear variation with the enthalpy for the constituent materials 1 and

2 which gives the following function of the density

p ob-0 P p P
Cp :—9-( _2 ) C +———g (“‘-‘9““_—'--“-) Cp (2;20)
p 90 02 PO p pO 92 2



IR
[y

whers

Cpo = specific hest capacity of wood material, 1/kg K

sz = specific heat capacity of charcoal, J/kg K

cEj = specific heat capacity at section x at time t, J/kg K

= density at section x at time t, kg/m?

a

p
p_ = density of original wood material, kg/md
o

= density of charcoal, kg/m3

N

Thermal conductivity is assumed to be given by a linear variation

of the densitiss of the constituent materials

p=P, Py ™0

k=< )k +<——-—-— K (2.21)
p-ey/ o \pg 02) 2

where

k = thermal conductivity at section x at time t, W/mK

ko = thermal conductivity of original wood material, W/mK

k2 = thermal conductivity of charcoal, wW/mK
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3. FINITE ELEMENT APPROXIMATION

3.7 Solution pnrocedure

The heet balance eguationg set out in Chapter Z contain nonlinesr
boundary conditions and material properties which vary with tempe-
rature and density. Analyticel solutions are available only for
linear applications of simple peometries and with simple boundary
conditions. The only way in which a soclution can be obtained is
therefore a numerical method. The method decided on in this case,
which can be easily expsnded so as to apply to more Than one dimen-
sion, is the finite elemert method. The presentation below is based

on the one-dimensional case.

3.2 Finite element discretisation

The finite element method is characterised by the studied continuum
being divided intc small subrepgions, finite elements. These slemsnts
may vary in size and shape. Inside each element the tempersture is
approximated with the aid of the tempereture at certain points of

contact between the elements, i.e. the nodes.

Inside each element the temperaturse field is epproximated by a sheape
function in such a way that the tempersture inside the element
is described only by means of the nodal temperatures. A polynomial
is usually chosen as the approximation function. For the cne-dimen-

sional case the tempereture is approximated as
n - et

Tx) = LN, T, = NT (3.1)
i

whare ?i is the temperaturs at node i, n the number of degrees of

freedom or nodal temperatures psr slsment, and Ni the shape function.



The shape functions Ni are chosen in such e way that they assume
the valus 1 at node 1 and are zero at all other nodes. In the ele-
ments in contact with node 1, Ni assumes values between zero and

ona. In 211 the other elements the furncticn is zero.

3.3 Matrix formulation of the energy balance eguations

By introduction of the symbols V¥ =,§% and v = g% » the governing

differential equation in (2.1) can be written as
V(KT ~«VT+Q-pc VT = 0O (3.2)

Fquation (3.2) is changed into weak formulation by multiplication

by the weighting function v and integration over the volume V.
[vIV(KYT) = «VT +Q =~ pc ¥ TIAV = O (3.3)

v

Partial integration of the first term, using CGreen's formula, pro-

ducses

[ov (kvT)aV + [ ve9TaV + [ vpeVTdV - [ vQdV - [vnkvTdS=0 (3.4)
v y v Vv S

where n is the outward normel at boundary S.

The weighting function v is selscted according to Galerkin's mzthod

in which the weighting function is put equal to the shepe function

N, i.e.

T

Vo= @ {3.5)

For a one-dimensional element with two degrees of freedom whose

length is AL, the simplest shape function is

- S fa-X X
A R e (3.6)



The last integral in Equation {3.4) contains the boundary cendition
according to Equation (Z.4). Substitution of (2.4), (3.1) and (3.5)

into (2.4} produces

Jont(emnyavT + (NTkoNavT + [N pcNaveT - [NTqav + [NTq s =0 (3.7)
R R g~

It is eesiest to perform integration separately for each element,
after which the contributions of 21l elements are assembled into
glopal matrices. If the material properties ere assumed constant in
gach element, the integrations in Equation (3.7} can be carried out

analytically.

L

iy Conductivity matrix

For a one-dimensional internal element of length AL, the first

integral in Equation (3.7) is calculated.

The derivatives VNT end YN are obtained as

W’ = [ - 1/aL (3.8)
1/AL

and

N = [-1/AL 1/AL] (3.9}

With Fguations (3.8) and (3.9) substituted, the local conductivity

matrix is calculated by simple integration

8L
K _ T A [ 1 -1
K 'Of‘”} (kDA = 2= [__1 1] (3.10)

where A is the cross sectional area of the element.

[N



Since conductivity generally varies as a function of temperature
and density, that value of k is used which is valid for the mean

temperature and mean density of an zlement.

3.5 Convective matrix

The second integral in Eguetion {3.7]) which contains the contribu-
tion due to the internal mass flow 1s calculated in the sare way as
for the conductivity matrices. Substitution of NT and VN according
to Equations {3.6) and (3.9) and integration over the element length
Al. produces

AL Ax

€ _ . _ -1 1
(= WeoNay = } (3.17)

-1 1

Note that the convective matrix is not symmetric. Owing fo this com-

plication, the whole matrix must be stored in the computer. In the

cese of symmetric matrices, the entire matrix is not normally stored.

If the mass flow rete is large, the convective term also gives rise
to numerical difficulties. There are however methods available to
prevent numerical instability. These are based on & nonlinear form

of the shape function (5.

3.8 Heat capacity matrix

The heat capacity metrix is calculated from the third integral in
Equation (3.7). Substitution of NT and N and integration over the

length of the element produces

AL

C = [ N'peNadx = ‘39%351‘— [i %} (3.12)
o el



This matrix can however be simplified into & lumped diagonal matrix
without any loss of computetional accurscy (1), Owing to this sim-
plification, when the change in erergy content for node i has been
caloculated for a time increment, the associated change in tempers-

ture can be sasily computed. Sse Section 3.89.

The simplified heat capacity matrix can be writien as

g = (3.12)

Apchl [1 0]
2 ¢ 1]

3.7 Internally generated heat

The heat generated inside the element is calculated from the fourth
integral in Equation {3.7). Substitution of NT and integration over
the length of the element produces

g _Bbo AQAL 1
F* = [N"Qav = = [1} (3.13)

- g
The energy released per unit volume is & function of the rate of

pyrolysis, If the rate of reactien is denoted AH, the energy

released can be calculated from
Q = aHp (3.14)

where ¢ conforms to an Arrhenius function according to Equation
(2.18).

16



3.8 Heat flow at the boundary

The last integral in Egustion {3.7) represents the boundary con-
ditions. For the case where the heat flow at the boundary is pre-
scribed, the nocdel flow rete can bhe calculated by substituting
Eguation {2.11) into the integral, which produces

ch mf)

TT < = 7T C I“ i .
g@ q,ds gh (qn tq +tq. tq

w

ds (3.15)

I+ the contribution of radiation to the heat transfer layer,

defined as
_S & (3.16)

is introduced, the heat flow at the boundary due to radiation,

according to Equation (2.6}, can be re-writtien as
Y e n (T -T) (3.17)
9 T ptieT g ’

In the same way as Tor the thermal conductivity matrix and the con-
vective matrix, values of hr corresponding to the actual temperature
levels are substituted during the calculations. In this cese hr is

calculated according to Equation {3.16]) using temperstures from the

previous celculation stage.

Substitution of Equations (2.17), (3.17), (2.8} and (2.10) into
Eguation (3.15) yields

T T T
Sjlj q,ds —Sﬂj (hE(b) +h,, +nk INdS +Sjly (hE(®) +hr+n»<S)ngS+

(3.18)
+ INT n AHSéds
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The three surfsce integrals in Eguation {3.18) are calculated for
the surface elements. For the one-dimensional case there are two
boundaries, namely for x = 0 and x = L. These integrals are solved
eesily since integretion is carried out over the surfaces at the
bhoundaries where the shape function has the valug 1. The solution

is exemplified for the edge slement at node x = (.

The first term in Equation (3.18) is denoted KT and, with the

values substituted, is

K

T3

{3.18)

q@ = A(E(D) +h +1ic ) [1 0]

0 0
and if the other two terms in Egquation (3.18) are denoted Eq, We

have

P = AL(RE(R) +hy + 0 )T, ~nH$) m (3.20)

We can naw, with the above notations, summarise Equation (3.7] by

the following sguation

K+ s xDTac ¥ = r¥4pd (3.21)

(-l

* and Kq constitutes the total heat transfer

matrix K, 1l.e. the stiffrness metrix. C is the gimplified lumped heat

where the sum of 5k, K

capacity metrix. The right hand side consists of the external im-
posed heat flow Eq and the intemally produced heat FQ. The total

heat load is denotead f.-
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3.9 Integration with respect to time

ano critical time increments

The heat balance equstion is solved incrementally by the forward
difference method. This mesns thet the sclution does not converge

if the time increment is gresaiter than & criticel value Atcr“ The
magnitude of the critical time increment is & function of the element
size, material guantifies and boundary conditions. An example of the
other facters which govern the size of the fime increment is that

it must bear 2 reasonable relationship to variations in material

guantities and changes in boundary conditions (11},

When the simplified heat capacity matrix with only diaspona: ele-
ments according to Equation {3.12) is used, the new tempereturs for
time t+4t can be calculated without solving a system of equetions
for all nodes. The method is thersfore explicit.

IT the esnergy content or enthalpy is defined as

E=CT (3.22)

Equation (3.21) can be re-written as

E=F (3.23)

[
P
o+

<1t

The explicit forward difference formula can, with the aid of Equa-

tion (3.23), be written as

Beon = Bt (E-K Dot (3.24)

where t is the time and At the time increment.

The new temperature It+At is then calculated directly from Egquation
{3.22).
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According toc { 1), the critical time increment Atcr can be approxi-

mated hy the following expression

C
, . 1l
At = min (—————T—uwmw>
cr Kii'+§¥KFij (3.25)
]
where
dFi
Ke: s = == and i and } denote rows and columns respectively.
Fis de

It is evident from the esquation thet when the ratio of heat capacity

to conductivity is small, the time increment is small,

Normally it is the boundary nodes which are critical with respect
to the time increment because of their high surface ceoefficient of
heat trensfer, but even elements in the pyrolysis zone may, depend-

ing on the rate of pyrolysis, exert a decisive influence.



4, COMPUTER PROGRAM
4.4 Background

The computer program WOOD1 has been developed on the lines of the
presentation in Chapters 1 and 2. All subroutines are programmed

in FORTRAM 77. The subroutines have been developed for one-dimen-
sional heat flow and assume dry wood. With some modifications, the
program can be expanded so as to hold for two dimensional heat flow
and for wet wood., In the simplified cese, expension to permit cal-
culations with the inclusion of a moisture content is based on
modification of the heat capacity matrix and the esnergy content of

the gases evolved during pyrolysis.

Semz subroutines were originally written by Ulf Wickstrom, and are
represented by one-dimensional versions of the routines in the com-
puter program TASEF-Z2.

4.2 Subroutines

FIG. 4.1 presents an autline of the subroutines in WICDT and the

way these are linked to one another.

The following is & brief description of the subroutines.

Subroutine  Description

AFFE Calculates the radiative component of the surface
cogfficient of heat transter

ASSA1 Calculates the global thermal conductivity matrix

ASSK1 Calculates the convective terms of the nodes

ASSP1 Calculates the global heat capacity matrix



MAIN 1 NET 1
PROG#REG 1

MAT 1 F=XVERSY
] GEOCO 1]

L——JFEM 1 F={INPUT |
L INIT _ }—{TIMT B_]
 >IASSP]  —CAP 1 —>{XVERSY ]

START

VELR1

H

CHAR _

0

URFT

| =/SELEM 1 }—=KONVER }-—3{CAP1  }—3~XVERSY |
URFT L———=ICOND1 }—={XVERSY ]
SELEM 2 KONVER }—=CAP1  —={XVERSY |

i

———3ASSP1 3+{CAP 1 | \>{COND1 XVERSY
IXVERSY |
ba{ASSAT |-={COND 1 XVERSY
MPACKV
—3=BOUND 1 H=-{PACKFW }—={ASSK1 ﬂcsmx |
- MASS1 |

DTIME _

FIG. 4.1. The subroutines in the program WOOD1 and the relation-

ships between these.



Subroutine
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Cescription

BOUNDA

BOUNDS

CAP
CENTX

COND
DTIME1
FEM1
GEOCOY
INIT
INPUT
KOMVER

MATN
MASS
MATY
MZACKY

NET
Ut
FACKFW
PROG1

REGI

Surmmates energy flows to the nodes. The component flows
are convection in the material, energy from the pyro-
lysis process, and contributions from the boundariss
Calculates the total heat transfer at the material
surfaces

Calculates the haat ceapecity of the nodes

Caicuiates the coordinate X for the section where,

for x < X7 the pyrolysis gases fTlow towards boundary

1 and, for x » x , flow towsrds bhoundary 2

= 0

GCives the thermal conductivity of the elements
Calculates the criticel time increment

Main routine for the incremental procedurs

Assigns gecmetrical constants to the elemznts

Initiates the tempersture figld in the solid phase

Reads printout times

Calculates the properties of boundary elements with
respect to heat capacity and conductivity hefore mesh
division at the boundary is updated

Determines maximum field sizes

Calculates the contribution of each elewent to mass flow
Reads physical input date for the constituent materials
Calculates hest flow due to thermal conductivity at

each node

Creates computation network with the read geometrical date
Writes output date for the times specified in input data
Calculates convective heat Tlow in the material
Cetermines field sizes required for the current compu-
tational task

Caleulates the region to which a certein element is

assigned



Subroutine

Description

SELEM1 Indicates when computation neiwork is to be changad by
aggregating the two elemants nearest fo boundary 1

SELEMZ The seme as SELEMY but for boundary 2

SURFT Calculastes rete of reaction & at the boundaries

TIMTE Checks whather several computational cases ars to bs
analysed. Reads input data such as compartment terpers-
ture as a function of time for the two boundaries

TSTART Gives the first time increment

VELRI Celculates rate of pyrolysis o

ACHAR Gives the coordinaste of the pyrolysis zone.

4.3 Input data

Input data for the program WOOD1 are of the following types:

- Gecmetrical input dets used for the generation of a computation

network

~ Material data are to be given for the constituent materials, pyro-

lysis gases, charcoal and the original wood material. For charcoal

anc wood the specific heat capacity and thermal conductivity are

given as a function of temperaturs, and for the pyrolysis gases

only the specific heat capacity is given as a function of tempera-

ture

- Kinetic input date for the pyrolytic reaction and the reactions

at the surface are given. The density of the material in the

nyrolysis zone is also specified to define the depth of penetraticn

of the charred zone



~ Input deta which describe printout times.

- Boundary conditions for bounderies 1 and 2 are given in terms of

the fire gas temperaturs as a function of time

- Conditional reading and sinmulation of several computational

cases.

An example of input data for a simulation is given below. Explanatory

commente ere also given.

4.4 Exarple of reguired input data for the program WOOD1

1 F
Z .80 .010 1 30 F

3 .002 .0°04 .006 .0O8 .0Y0 .0%2 .014 .016 .018 .020 .022 .024 .026 .028 .030
4 .032 .034 .036 .038 .040 .042 .044 .046 .048 .050 .052 .054 .056 .058 .080
5 DRY wWOOD ‘

& 10 1.

7 500, 150.

g8 300.

g 50 . .15 50. .15 100. .15 200. .15 2000. .15

10 2 4. .0G.05 2000, .0.05

1 3 0. 700. 1000, S00. 2000. 1100.

12 3 0. 1000. 1000C. 5000. 2000. 5000.

13 5 0. 1000. 200. 1117, 1000. 1200. 1500. 1263, 2000. 1409.
14 0.50E-7 1. 3.1E3

15 1500, 53000. 8.31%4 i
w20, 0. 2000, C.

170,

18 F

19 13 1.1
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20 L06 .087 0.1 .2 .30 .40 .50 .e0 .70 .80 .90 1.0 1.1

21 FF1

22 TEST EXAMPLE
23 1

24 5

25 0, 20. .03333 &46. .3333 903. .7333 916. 10. 8916,

Comments

1 TRUE if the program is to he tun interactively

Totzl thickness (m), element thickness (m), nurber of material

™

types, number of extre nodes.

TRUE if axysymmetric case.

Coordinates of extra nodes (m)

Coordinates of extre nodes (m)

Material name

>1 if material properties main region 1, cross sectional area (m?)
Density wood, demsity charcoal (kg/ms)

Density of pyrolysis zone for which depth of charring is defined (kg/m3}

0w ¢ ~ O U 5 (o

Number of ordered pairs, temperature-conductivity ordered pair for
wood (°C, W/mK)
10, Number of cordered pairs, temperature-conductivity ordered pair for
charcoal (°C, W/mK)
11. Number of ordered pairs, temperature-specific hesat capacity
ordered pair for charcoal (°C, J/kg K)
12,  Number of ordered pairs, tempsrature-specific heat capacity
ordered pair for wood (°C, 1/kg K)
13, Number of ordered pairs, temperature-specific heat capacity
ordered pair for pyrolysis gas (°C, J/kg K}
4. Bas Bo 83 where & = B, TS 82 exp {—83/T5} describes the reactions
at the surface of the materiel (1/sK, -, K]
15. b, E,, Rwhere ¢ = pb exp (-EA/RT} describes the rate of pyrolysis

A
/s, J/mole, J}/mole K)



17.
18,
19.
20.
2%,

21b.

22.
23.
24.

Number of ordered pairs, itemperature-energy consumed in surtace
reaction (°0, 1/kg)

Energy consumed during pyrolysis (J/kg)

TRUE i input data for printout times are given in minutes
Number of printout times, maximum simulation time (-, h or min)
Printout times (h or min)

TRUE if sane temperature curve at both boundaries, TRLE if pre-
scribed heat Tlow at boundary Z, number of simulation cases

The prescribed heat flow at boundary 2 is given here if this is
wanted according to previous input dats line (W/m?)
Heading for simulation, max. 80 characters

Counter

Number of time-ges temperature ordered pairs

Time-gas temperaturs ordered pair (h, °C)

27
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5 COMPARISON OF EXPCRIMENTS AND CALCULATIONS

5.1 The material used in the comparisons

The accuracy of the computer progran can be tested in relation to
analytical solutions or experiments. Since there are no exact ana-
lytical solutions aveilable for the problem studisd here, such a
comperison cannot be carried out. Even comparison with experiments

is difficult since the investigations reported in the literature often
omit input date which are important for simulation. However, & large
number of fire tests on beams and columns, in most cases in confor-
mity with standard fire teste according to ISO 834, have been
reported. (6}, (7}, (B) and {S).

A detailed analysis of the behaviour of wood when expossd to the
action of fire is given in (10)}. The report contains details of
experiments, and describes the construction and solution of energy
balance eguations by computerised methods. The experiments and sirmu-
lations described in the report are however relatively short, & few
minutes. This is however natural since fThe repert is lergely concerned

with ignition and fire spread.

Even 1if detailed information is available conceming experiments,
uncertainties remain regarding boundary conditions, for instance
combustion of the emitted volatile pyrolysis products just outside
the surface of the material, or the extent of cracking in the char-
coal layer. Generally speaking, there 1s a shortage of relevant
knowledge concerning the thermal properties of wood and charcecal at
high temperatures. To this must be added the uncertainty reported
in the literature concerning determination of the kinetic constents.
Sge, for instance, the table om p. 1.9 in (11) or p. 4-5%1 in (10).
It is evident from these tables that there are at least as many

valuegs of the constants guoted as there are authors. The decision



taken in this report has been to test the kinetic constants in
the literature against my own tests and then to study the sensi-

tivity of some material constants.

5.2 Test on & wooden cube exposed to radiation

The test specimen was a wooden cube of 150 mm sides. Temperature
sensors and thermocouples as well as resistive moisture sensors

were installsd in the cube at & spacing of 10 mm, initially at a
distance of 2 mm from the surface exposed to redistion. The sides at
right angles to the one exposed were insulated in order to simulate
one-dimensional thermal radiation. These sides were alsoc coated with

a vapour barrier.

FIG. 5.1. Test arrangement for wooden cube expased to radiation.



The specimen was mounted on s trolley in order to permit sutomatic
distance adjustment from a computerised data collection system. A
radiation mefer was mounted near the wooden cube to measure the
radiation incident on the cube. The source of radiation was a

ceramic gas fired radiant panel of 350x350 mm. The test was carried
out with the specimen in & normal room atmosphere.

The test arrangement is illustreted in FIG., 5.1. The measured incident
radiation on the specimen isg shown in FIG. 5.2, and the recorded tem-
perature and moisture distribution as a function of time ars shown

in FIG. 5.3 and 5.4 respectively.

A&0

120 A+

100 4

80 -

60 A

RADIATION (kW/m2)

40 1

20 4

TIME (min)

FIG. 5.2. Radistion incident on the specimen as a Tunction of time.

- 3
pdry 455 kg/m°.
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FIG. 5.3. Recorded and calculated temperature rise as a function
of time at different distances from that side of the wooden

cube which is exposed to rediation. Pary = 455 kg/m3.

The depth of penstretion of the charcoal lsyer was measured manually
with the aid of three approx. 3 mm thick wood sticks inserted into

the cube. The observed depth of charring is set ocut in FIG. 5.5.

The thickness of the charcoal leyer can alsc be determined approx-
imately from FIG. 5.3 by interpreting the shapes of the temperature
curves at G00-1000°C. When the thermocouples inserted into the wood
material are exposed at the material surface owing to combustion of
the charcoal, they are affected by fluctuations in the gas terperature

just outside the surface of the charcoal layer. On the assumption that
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24

MOIST (%)

TIME (min)

FIG. 5.4. Moisture distribution as & vunction of time in a wooden

cubs exposed to radiation. Oy 455 kg/m3
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FIC. 5.5. Experimentally and theoretically determined depth of charring
as a function of time in a wooden cube exposed to radiation.

P gy = 458 kg /m®



the positicn of the charcoal surface is determined by the ococcurrence

of these fluctuations at each node, we have

Time Fogition of Position of Thickness of
surface pyrolysis zone charcosal layer

min T rm I

14 z 18 18

35 12 40 28

The wooden cube exposed to radiation was simulated by the program
WOOD1 using input data according to Table 5.1. The houndary conditions
on the surface exposed to fire were represented by & fire gas tempe-
rature cerresponding to incident radiation on the meterial surface
according to the curve in FIG. 5.2, The opposite material surface was

in contact with @ constant air temperaturs of 20°C.

Tahle 5.1, Material data for simulastion of wooden cube

exposed to radistion

Density, wood 455 kg/m?
Density, carbon 150 kg/m3
Density which defines po- 300 kg /m3
sition of pyroclysis zone

Conductivity, wood 0.12 W/m K
Concductivity, carbon 20, 0.05 400, 0.05 600, 6.20 %088, W/m K
Specific heat capacity, 20, 1400 500, 1500 ' OC,1/kg K
wood

Specific heat cepacity, 20, 700 1000, 1000 YC,3/kg K
carbon

Specific heat capacity, 20, 1000 500, 1117 1000, 1200 OC,3/kg K

pyrolysis gas (as for air)

Reaction constants for
material surface

B 0,510 1/s K
B, 1 -
3100 K

By
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Teble 5.1. (continued)

Hzat of reaction 0 J/kg
for surface

Reaction constants
for pyrolysis

b 1500 1/s
EA 63600 J/mole
Heat of reaction 0 J/kg

for pyrolysis

Owing to the convergence reguirement, the length of the element was
made only Z mm. For surfece elements on the side exposed to fire, the
elemant length successively decreases as the material surface bums.
When the surface element has decreased to 0.3AL, it is ignored in
calculations and the boundary conditions are applied to the adjacent

element.

In FIG. 5.3 and 5.5 the calculated temperature distribution and

depth of charring have bsen shown by dashed lines.

Since the simulations were made on the assumption that the wood mater-
ial is dry, there is a difference between the measursed and calculated
temperature distributions due to vaporisation of water at 100°C. When
the wood has dried out, the curves in FIG. 5.3 are in good agreement
but are displaced laterally by an emount corresponding to the time

taken for vaporisation.

It is evident from FIG. 5.5 that the simulated depth of charring is
in good agresment with that measured experimentally. The comparison
shows how important it is to take account in the model of the water

content of wood. One way in which this can be done is to represent



the vaporisation process by an Arrhenius Tunction, with fhe hest of
reaction egual to the heest of vaporisation. The constants in Table
5.1 were not selected specielly in order to fit the calculations
to the mgesured data, but are examles of values reported in the

literature.

tn
w

Test on & glued leminated timber bsam
according to IS0 B34

At the request of the Norwegisn Institute of Wood Technolopy, five

glued laminated timber beams with bolts and fittings were testad

35

at the Norwegian Fire Ressarch Laboratory (Commission No 250103.00178).

The firm Moelven Limtre A/S mounted extrs tempereture and moisture

sensors in the beams in order to enable the author to cerry out

vetailed measurements in addition to those specified in the comission

to the Fire Resesarch Laboratory.

FIG. 5.6 shows the gas tempersture measured in the furnace as s func-

ticn of time according to measurements at the Leboratory, and FIG.

5.7 shows the placing of the extra sensors.

One half of the cross section wes simulated, with the boundary condi-

tion at one boundary in conformity with the measured furnace tempera-

ture, and that at the other houndary with @ prescribed sdge flow
equal to zero. The reason for the zerc edge flow is that the centrs

lire is considered te be a line of symmetry.

The measured and calculated temperature fields as a function of time

are compared in FIG. 5.8, The significance of the moisture ratio of

wood 1s evident in this case alsoc.
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FIG. 5.8. Measured gas temperature-time curve for test on & glued

laminated timber beam.
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FIG. 5.7. Placing of temperature end moisture sensors in the glued

laminated timber besam, and measured moisture ratios



- am wem s  Measured
— e MiSsing dats
Caiculated
700
o209
600 /
ol — 28
7
500 L
4
4
- /I’
3 00 I
o 4 -
g
3
.
300 —
Jf
/:——27
“ // - R o
’-’,, //_:-'—‘__'—,-
o s L 26
100 __,,.-r/ dormm e —25
L en— L e T —=
_-—-"'- . | o
5/ w’ _-.,--':_ 4_‘_‘:;—-—-—": __T,__:,..c-u-ﬂ"""'"’
0
0 5 10 15 20 25 30 a5 40

TIME tmin)

FIG. 5.8. Calculated and measured tempersture fields as a function

of time

The measured moisture ratios are set out in FIS. 5.7. Introduction
of expressions for the moisture content in the theoretical model

should produce good egreement in this cass also.
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FI1G. 5.9 shows the penetretion of the charcoal layer as & function
of time. After the end of the test in the furnace, 40 minutes plus
8~1/2 minutes befores the beams were extinguished, the depth of

charring was measured as agout 20 mm.

« Measured depth 8 1/2 minutes after iestingm-—_-——--———-i

. //
/

20

i0

DEPTH {mm)

1

L/

G 10 20 a0 40 50
TIME (min)

FIG, 5.9, Theorstical penetration of charcoel layer as e function

of time.

5.4 Sensitivity analysis of thermal properties

In the following, the sengitivity of the charcoal layer penetration
as s function of certain material date is studied. It was not the
intention to carry out a full perametric study, but to test some of

the parameters included in the model. The comparison is based on
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the charcoal layer penetration as the dependent variable. Some of
the tested materiel data produce guite unrealistic tempersture dis-
tributions, but are nevertheless included for the sake of completae-

ness.

The depth of charring as a function of time is set out in FIG. 5.10,
the thermal conductivity being varied between 1/2 kz, KZ and 2 kz,

where kz = 0,10 W/mK,

In the same way, FLG. 5.11 sets out the depth of charring, with the
constent B,i = 121077 1/s K in the expression for the surface reactions

being varied hetween /2 £y, B, and 2 B,

501
: 2Ky

A //,/// 12k
40 +

30; ‘ %

S
"/

DEPTH { mm)

TIME { min)

FIG. 5.1G. Depth of charring as a function of time for variable

thermal conductivity kz of charcoal, KZ = 0,10 W/mK
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FIG. 5.11. Depth of charring as a function of time for variahle
rate of surface resction esccording to g = 81 T exp[—sa/TS].

=0.5.1077 1/sK

By

It the pyrolytic reaction rate constant b = 1500 is halved or

douhlad, the curves in FIG. 5.12 are cbtained. -

Many authors have discussed the guestion of whather the pyrolytic
reaction of wood is exothsrmic or endothermic. The significence of
this for the depth of charring, when the hest of reaction O is
changed from the endcthermic +8 to ths exothermic -U, is shown in
FIG. 5.13.



Other thermal propertiss can be fested by analyticel models in the
same way, but the sbove are among those about which there is the

greatest uncertainty.

50

2b

At

40

30: /
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10
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FIG. 5.12. Depth of charring as a function of time when.the pyro-
lytic reection rate constant b is varied in the express-
ion p = p b exp {-EA/RT]. b = 1500 1/s.
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FIG. 5.13. Depth of charring as a function of time when the pyroclytic
reaction is changed from an endothermic tc an excthermic
reaction. @ = 125 kJ /kg )
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SUMMARY AND CONCLUSIONS

The fundamental eguations for the theoreticel treatment of wood
during the process of pyrolysis are presented in Chapter 1.
Expressions which must be specially introduced for combustible
materials are those which describe the pyrolytic reaction and
reactions at the surface of the material. The rescticons are assumed
to conform to first order Arrhenius functions. The treatment alsc
includes the veristion in heat capacity and thermal conductivity as
a function of the decrease in density due to pyrolysis. When pyro-
lysis commences, an internal convective flow is set up which affects
heat transfer both inside the materisl and at the surface of the

meterial.

The numerical solution is cerried out by the finite element method
using the computer program WOOD1 written in FORTRAN 77. The heat
halance equation is solved incrementally by the forwarc difference
method, and the critical fime increment is calculeted successively
for each computation stage. In view of the nature of the problem,
with rapid reductions in density in the pyrolysis zone, internal
convective hest flow and boundary elements which diminish in size,
it is necessary to employ both small elements and short time incre-

ments in the computations.

The calculations are compared with aexperiments, but ths psucity of
well defined pyrolysis tests is evident. There is also a shortage
of relevant material data, particularly at elevated temperatures,
and the scatter in the reported kinetic constants is extremely
large (10}, (11). The comearison between caloulated and measured
temperature distributions shows that it is essential tc take mois-
ture content inito consideration, and also that further development

of the model for wet wood is important. It is evident from the



paranetric study which has been carried out that the conductivity

of carbon and the rates of reaction st the surface of the matsrial
have great significance for the depth of charring. It follows from
this that it is importent for these material properties fo be better
elucidated and for knowledge concerning surface reactions to be im-

proved.

Since the computation times in these simulations were very long,
it is desirable that the solution procedure should be made more
efficient, especially if & two dimensional program is to be

ceveloped.

This computer program has been developed primarily as an aid in
research, but, 1if computation times can bes sppreciably reduced,

it can also be used for design calculations.
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