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Predicting the Burning of Wood Using an Integral Model

M. J. SPEARPOINT* and J. G. QUINTIERE
Department of Fire Protection: Engincering, University of Maryland, College Park, MD 20742

This paper experimentally and theoretically examines the horizontal burning of four species of wood exposed
to incident heat fluxes of 25-75 kW/m? with their grain oricnted cither paralle! or perpendicular to the incident
heat flux. Mass loss, temperatures, and char fractions were measured. A one-dimensional integral modc] that
describes the transient pyrolysis of a semi-infinite charring solid subject to a constant radiant heat flux was
developed. The solutions to the integral model for the burning rate were compared with data using analytical
short-time and long-time solutions. Reasonable comparative results are shown for mass loss rate, surface
temperature, char depth, and effective thermal penctration.  © 2000 by The Combustion Institute

NOMENCLATURE

thermal diffusivity [m?/s], absorptivity [—]
ratio of convective gain and radiative
loss with incident heat flux []
specific heat [J/kg - K]

depth [m]

dimensionless depth [—]

char fraction [—]

heat transfer coefficient [W/m?2 - K]
enthalpy {J]

AH, heat of vaporization [I/kg], see Eq. 17
thermal inertia, kpc [ m™*-K"2:57']
thermal conductivity [W/m - K]

heat of gasification [J/kg], Eq. 39
mass [kg]

dimensionless mass loss rate [~}

heat flux [W/m?]

density [kg/m’]

temperature [°C] or [K]
dimensionless temperature [—]

time {s]

dimensionless time [-]
Stefan-Boltzmann constant [W/m? - K]
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Subscripts

0 initial, ambient
c convective

cr critical

& char

f final

Jil flame

8 gas

{ incident
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0010-2180/00/$-sce front matter
PIT S0010-2180(00)00162-0

ig ignition
pressure
5 surface or steady when subscripted to 8
v vaporization
w virgin wood
Superscripts

()" per unit area
O] per unit time

INTRODUCTION

Ever since prehistoric times humans have
known that wood burns, and the ability of wood
to burn has been both a benefit and a problem.
The capability to predict the burning rate of
wood in modern times has become increasingly
important as fir¢ safety engineering moves to-
ward a performance-based approach to building
design and as the nced to protect the environ-
ment through fores: fire containment and bio-
mass incineration increases.

The purpose of this paper is to cxamine the
burning rate behavior of wood and compare
those results to a one-dimensional integral
model for charring materials. The experimental
data used in this paper arc taken from the work
by Spearpoint [1] in which the ignition and
burning rate of several species of wood were
measured in the Cone Calorimeter [2], a stan-
dard apparatus to measurc the mass loss rate
and cnergy rclease rate of radiant heated mate-
rials.

The pyrolysis behavior of solid materials can
be divided into two types: noncharring and
charring. Noncharring materials burn away
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completely, leaving no residue, and can be
modeled using theory similar to flammable lig-
uids. In contrast, charring materials leave rela-
tively significant amounts of residue when they
burn. The pyrolysis of charring materials such as
wood is a complex interplay of chemistry, heat,
and mass transfer, Charring matcrials must be
modeled in terms of a pyrolysis front penetrat-
ing into the material with an increasing surface
temperature and without a well-defined steady
state.

Consider a “thick” sample of wood with its
surface uniformly exposed to a constant exter-
nal incident heat flux and a source of ignition (a
pilot) close by such that the heat and mass
transfer through the sample can be considered
one-dimensional. The incident fiux pyrolyzes
the wood, releasing volatile fuel gases with a
mass flow rate that depends on the intensity of
the incident energy and the orientation of the
grain. The mass flow rate of the volatiles must
exceed the lower flammable limit of the fuel/air
mixture for piloted ignition to occur. Ignition
can occur at surface temperatures anywhere
from 200°C up to 400°C. At the instant of
ignition, the heat flux to the surface of the wood
is a combination of the c¢xtcrnal flux plus the
fux from the flame. The rate of heat release
rapidly rises to a maximum, then a char layer
gradually builds up as the pyrolysis front moves
inward. The char layer forms an increasing
thermal resistance between the exposed surface
and the pyrolysis front, resulting in a continu-
ously decreasing rate of heat release after the
first peak. If the sample is sufficiently thick, it is
found in experiments {3] that its rate of heat
release eventually reaches a more or less steady
value.

At temperatures above around 300°C the
char layer begins to break down rapidly [3] The
char layer also shrinks and pressurc gradients
gre set up within the material. Small cracks
dppear on the surface, and thesc cracks allow
_volatiles to escape more easily. The cracks grad-
“gally widen as the char layer deepens, leading to
“¢haracteristic “alligatoring” patterns. The char-
ting rate of wood is also very sensitive to the

" presence of inorganic impuritics, such as fire
tetardants, because they affect the chemical
- ~kinetics of the pyrolysis process [4].

‘ After the volatiles have been exhausted, flam-

]

ing ceases and a solid char residue remains. The
char continues to burn in a smoldering mode.
Prior to that, char oxidation is usually minimal
since the flame prevents diffusion of oxygen to
the surface. Thercfore, heat release rate and
related quantities measurcd during the flaming
phase are prcdominantly those of the volatiles.
However, for a period both surface oxidation
and discrete surface flamelets at the wood
cracks can coexist,

The main constituent of wood char is carbon,
and the net heat of combustion for a carbon and
oxygen to carbon dioxide reaction is approxi-
mately 32 MJ/kg. As noted by Janssens [3], the
sverage nct heat of combustion of wood for a
complete reaction is 17 MJ/kg. For a typical
char yield for dry wood of 33% of the original
mass, the mean heat of combustion during the
flaming mode AH);,, can be found by solving

14(32) + % (AH,,) = 17 )

which gives a value of about 10 MJ/kg of
volatiles. Thus, only about 60% of the energy of
wood is released during the flaming stage of
combustion,

PREVIOUS STUDIES
General

There is a substantial volume of work regarding
the ignition, pyrolysis, burning, and charring
behavior of wood (and cellulosic materials). It is
not the intent of this work to give a thorough
review, but a brief summary will be presented.
Kanury [5] gives a general overview of the
ignition of solids by thermal radiation or con-
vection. Roberts [6] reviewed the role of kinet-
ics for the pyrolysis of wood and related mate-
rials. Simms [7} examined the role of the
radiation on the damage to cellulosic soli
considering the chemical and ;
of the material. Work on char raic_ (1. waod
includes studies by Kanury [8] who examined
the phenomenon Using Arrheius pyrolysis ki-
netics. A detailed study of the pyrolysts kinetics
of cellulose has been canducted by Suuberg et
al.f9 o
Atreya and coworkers have done extensive
work on the ignition and b fiig of wood. Ti his
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initial work Atreya [10] included experimental
observations for the piloted ignition of wood
and identified several important factors includ-
ing: pyrolysis of wood produces gascous fuels
and inerts; diffusion and mixing of the fuel and
ambient air, which produces a flammable gas in
the boundary layer; premixed flame ignition by
a pilot source; quenching by the surface and
cstablishment of a sustained diffusion flame
after the premixed flame has vanished. Further
work by Atreya et al. [11] examined the cffect of
sample orientation on piloted ignition and
flame spread on wood.

ignition and Burning Rate Models

Several models for the burning rate of solid
materials, both charring and noncharring, have
been developed. Examples include the studies
by Chen et al. [12], Wichman and Atreya [13],
Yuen et al. [14], and Parker [15]. These models
range from simple treatments of the ignition
and burning process using pure heat conduction
models to the use of complex chemical kinctics
for the pyrolysis of a charring material. Many of
the models consist of complex computational
codes that require a relatively large number of
difficult-to-obtain property values to complete
their predictions.

In this paper, we examine the integral model
initially developed by Quintiere [16]. A one-
dimensional pyrolysis model which includes the
processes of charring, vaporization, flame, and
heat conduction effects was proposed. This
model was applied by Quintiere and Iybal [17]
to the gasification of a noncharring material.
Anderson [18] validated the integral approuch
with some exact solutions. Finally, in a study by
Hopkins et al. {19, 20] the model was compared
against experimental data for the burning of
noncharring thermoplastics.

A nearly identical integral model for the
burning of a charring material was also success-
fully demonstrated by Moghtaderi et al. [21] by
validation with an exact numerical solution and
with experimental data. Our analytical shori-
and long-time solutions are a new contribution,
along with the data for four wood specics and
the effect of grain orientation.

M. J. SPEARPOINT AND J. G. QUINTIERE

tncident heat flux
paralle] to grain

Aecross grain

Atarg grain

Fig. 1. Sample grain configurations.

DESCRIPTION OF EXPERIMENT

The wood samples were provided such that the
grain was parallel to the incident heat flux (i.e.,
cut across the grain} and perpendicular to the
incident heat flux (i.e., cut along the grain) as
shown in Fig. 1. Four specics of wood were
studied: Douglas fir, redwood, red oak, and
maple. Douglas fir and redwood are both soft-
woods whereas red oak and maple are both
hardwoods. The samples were all cut from the
sapwood portion of sections of lumber and were
nominally 50 mm thick by 96 mm square.

Samples were stored in a desiccator at nom-
inally 50% relative humidity and 20°C. The
moisture content of each sample was measured
prior to exposure. All samples were tested in the
Cone Calorimeter in the horizontal orientation.
Samples were wrapped in a single layer of
aluminum foil and placed into a 50-mm-high
sample holder.

The main “burning rate™ scries of 54 tests
were conducted at the University of Maryland
by the authors to support a related study by
Schroeder [23]. The tests included the measure-
ment of time to ignition, mass loss, rate of heat
relcase, and smoke extinction data. Incident
heat fluxes of 25 kW/m?, 35 kW/m?, 50 kW/m?,
and 75 kW/m? were sclected for these cxperi-
ments. For the majority of the burning rate
tests, exposure times of 25 minutes were used;
however, in a few cases the exposure time was
extended to 75 minutes. A total of 41 additional
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Fig. 2. Typical burning rate and hcat of cambustion data (Douglas fir, along grain, 75 kW/m? for 25 minutes).

“ignition only” tests at lower heat fluxes were
conducted; a more detailed description of these
tests and analysis of the data is given elsewhere
by Spearpoint {1].

For the majority of the “burning rate” tests,
0.8t3-mm (0.032")-diameter sheathed Type K
thermocouples were inserted halfway into the
samples through horizontal holes drilled at
heights of 4 mm, 12 mm, 24 mm, and 36 mm
below the top surface. A thermocouple was
located between the back of the sample and the
retainer frame (i.e., at 50 mm), Figures 2 and 3
show typical results obtained from the tests. The
more rapid increase in the temperature mea-
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Fig. 3. Typical thermocouple data (Douglas fir, along grain,
5 kW:m? for 25 minutes).

sured by the 50-mm thermocouple is due to the
retainer frame heating up as it is exposed to the
external heat flux. The endothermic effect of
moisture in the wood is clearly indicated at
100°C.

THEORY
Assumptions

Features of the integral model and the physics
of the thermal decomposition of wood are por-
trayed in Fig. 4. Specific assumptions include:

(a) The fuel decomposes to gaseous fuel (vola-
tiles) and char in an infinitesimal pyrolysis
front at a fixed vaporization temperaturc.

(b) The solid is infinitely thick.

(c) The virgin wood is inert up to ignition and
decomposition.

(d) The char material is also inert,

{e) The flame hecat flux remains constant.

{f) The density of the volatiles is much less than
the density of the virgin wood and the char.

(g) Material properties are constant over the
range of temperatures considered.

(h) The volatiles do not accumulate within the
char layer but are produced and cxit imme-
diately.
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char layer
control volume

(w - control surface velocity)

+

~ M~ pyrolysis front

control volume

x=g

x=5+6 ¥

virgin wood
control volume

Fig. §. Burning rate model control volumes.

convection, the net heat flux at a given time ¢ is
given by
710 = agi~ eo(T = TQ) = h(T, - Tp).  (4)

Thus, just before ignition when ¢ = 1, and
assuming the surface emissivity € and the ab-
sorptivity o are 1, from Eq. 4
(g =4~ =q7- o(Ty — T9)

~h '(Ti = To). (5)
Just after ignition, when ¢ = #;, from Eq. 3
() = ¢" Ty = qp+qi— o(Ty = T0).  (6)

Heace there is a step-change in the surface heat
flux at ignition. Using the integral model, Spear-
point (1] has shown that the thermal penetra-
tion depth prior to ignition is given by
P —
b= 3 K [g———g]t
Vopcu il - B

)

(T(T4 Ty + h (T, = Ty

~~~~~ 7 ®)

and the time to ignition can be obtained from

) - By (T~ Ty
= B,J IThE ®
where
p = e Tt T i T 05

q7 q:

Conservation Equations

The decomposition of the charring material is
split into three control volumes; (1) the char
faycr, (2) the pyrolysis front, and (3) the virgin
material (Fig. 5). The char matrix contains solid
char and fuel gases. The mass flux of the
escaping volatiles is given as

m" = py,. (11
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Considering conservation of energy for the char
Tayer we obtain

d a¢ oy 17
(Pt Pyl ) ‘_1;[ (T—-Tde+m"c(T,—T)
0
dd
= 40Ty = a% + p(T) 5. (12)

Typically pyc, << pycy since p, = 1 kg/m™ and
¢, ~ 1 ki/kg - K while p,, ~ 200 kg/m® [25] and
¢ =~ 1.3 kJ/kg - K [26]. In addition, we assume
that pye (T - T,) = p(7,), since as an order
of magnitude cstimatc (T — T,) > 100 K, thus
peCo(T — T\) =~ 2.6 X 10° kI/m* or 2.6 X 107
N/m? but typically p ~ 10° N/m?. Thus Eq. 12
can be simplified to

d | B
PeCo 77 (T—Tydx +m"cT, - T,)
0

=q"(T) — 4% (13)
Using conservation of mass on the pyrolysis
front control volume, we obtain

ds .
(pw e pg) —;EQ = pg"'g' (]4)

Substituting Eq. 11 into Eq. 14 and assuming
the density of the gas is small,

dd

(P = po) G2 = " (15)

Similarly, using conservation of energy for the
pyrolysis front

a8
pu 0 L ST = 1 (T}

, Z;é(hg(ry) — hf T.,)}]

(16)

Based on the mass of the virgin wood, we define
the heat of vaporization as energy required to
convert the solid to char and fuel vapor per unit
mass of original solid such that

AH, = h(T) = h (T}

=%~ qh

'?wwuwmmx (17

w
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then Eq. 16 becomes

18,
“Ceran] = g% = e

Pu g, (18)

Finally, by conservation of encrgy for the virgin
wood control volume and assuming negligible
heat loss to the back, we obtain

d | >
Pulw (_17 [ [T(X', l) - T()] dx’
o

db
+ pulu :i—f (T, ~ TO)
=q (19)

where x = x' + §,.

Temperature Profiles and Governing
Equations

The temperature profile in the char layer is
assumed to be linear function with depth such
that
N X
r-1,=r-11-5) (20)
84,

satisfying boundary conditions 7= T, atx = 0
and T = T, atx = 8, The temperaturc profile
in the virgin wood is assumecd to be a sccond-
order function of depth such that

x! 2
T~Tux(TV—TO)(l~S'> 1)

satisfying boundary conditions T = T, atx’ =
0, T=Tyatx" = §,, and aT/dx = Qatx’ =
8. (see Figs. 4 and 5). With these profiles, and
using Eq. 15, Eq. 18 becomes

m” kT, T 2k (T,— Ty
AH, = =t - e :
(1-¢) " de 3,
(22)
Similarly Eq. 13 becomes
pfbcﬁ ilw — b s 17,0 _ A
7 (T, —T,)8, +m"c(T,— T,)
ky(Ty ~T,) v
=q7(T) = = (23)
¢
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Finally Eq. 19 becomes

145, m” 2k, /puc,) n
RPN R W
Adding Eq. 23 and Eq. 22 we obtain

PeCe —d~ ) __(.1_ ) s _
2 (d; L= T8+ e (T, = T,)

24k,(T, = Ty

=q"(T) = == (25)

w
I the time just after ignition is considered, then
r=tpwithT =T, =T, m"=mjand8§, =
8, Thus, from Eq. 25, the burning rate at
ignition is

. (1 - (b) 2kw(Tlg - TO):I "
ny, = 7% = . 26
4 AHV q + 81g ( )
From Egs. 5, 6, and 21 it can be shown that
L U=
mig = AHm {[] +-(TJ) -4 ~~]
1-¢) .,

Dimensionless Analysis and Solutions

The following dimensionless variables were se-
lected to consolidate the variables

usmfﬁ 28)
Y @
i GO
3= -58— (1)
3= %ﬂ (32)
= (33)

T
0= - (34)
T,
b=7 (35)
T
0o = —T~" (36)
at
A S
ol
T = 2 (38)

where 8, is a stcady-state depth (for the non-
charring case). The heat of gasification per unit
mass of virgin wood, L, is defined as

L=aH, +c /T, - Ty (39

Substituting for the dimensionless variables in
the four governing equations: Eqs. 15, 22, 23,
and 24,

T, (13_) 1,1 (- Oo)]
M=3m\k) 2 4, x| G0
I o feg\ d
i ¢'(c—”> PP LC R P
‘ AH
_ e\ep v
+ [(1 ¢)(cw>(o‘\. 1+ ch‘,]M

L guT) (- 8

S TawT) A (41)
1da +2M = 2 42
3dr 77T A (42)

1da,
M=-stoe (43)

The variables M, A, A, und 6, must be deter-
mined from these ordinary differential equa-
tions with ignition as the initial condition, We
now consider three phases of burning: (a) igni-
tion, (b) a short time affer ignition, and (c) a
long time after ignition.

{a) Ignition, the initial condition, T = 7,

PR S| PR
e ()il e
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From Eqgs. 7and 9

A=Ay = [C"’(T‘gL— T")] [q'f*g‘?)], (45)
and

Ag=0 (46)
g, =1 (47)

(b) Short-time solution, v ~ 7,
Integrating Eq. 43 and given that M = M, at 7,
then

Ay = 2M (1 = 7). (48)

From Eq. 41, with no char, A, = 0 and aseuming
T, = T, thus 8, = 1 and ¢".(T,) — ¢°(T.)
then

L
.

Ty = To) 1
AH,

T Al 4%

Since at early times A — A, is small, 7 — 7, is
small and ¢* ~ 1 + x for small x, then from Egs.
39, 42, and 49

(1 = A7 = 7). (50)

AH )
(c) Long-time solution, 7 >> 1,

Finally consider times much later than the igni-
tion time (i.., long-time). Let the char depth
rate approach zero, dA/dr — 0, the surface
temperature approach a constant, d0,/dr - 0,
and the burning rate tend to zero, M — 0.
Integrating Eq. 42

L
A=A+ 6

A= (AL +12(7— 7). (51)
From Egs. 41 and 3, as A — o, and assuming )
is small, then

_fan+an™
|
From Eq. 40 assuming 6, is constant, the ther-
mal penetration depth approaches infinity, & —

=, as time tends to infinity, T — o and finally at
time 7, the char depth A¢ = 0, then

By~ \/2(2;)(’; )6, - D= m). (5

and

(52)
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Fig. 6. General form of the dimensionless equations for the
a) burning rate, b} char depth, and ¢) thermal penctration
depth.

G
AHV I;: ( ¥ )
8(1 = 7,)

where it can be shown that k /k,, ~ .

The general form of the dimensionless equa- -
tions for the burning rate, thermal penetration
depth, and char depth is shown in Fig. 6, The
short-time burning rate solutions arc equivalent |
to what would be obtained by a noncharring
material as detailed by Hopkins [19]. At ignition -
the short-time burning rate starts at a given
point after which it increases to a maximum |
steady-state value M, where it remains. A |
real burning material would of course eventu- |
ally consume all its fuel and the burning rate’
would drop to zero.

(54
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TABLE 1

Grain Density Heat Flux Temperature Conductivity Heat Capacity
Species Orientation p,, (kg/m”) 47, (kWim?) T, (°C) ke (Wem K'Y e, (J-kg™t-K™)
Redwood along 354 15.5 375 0.19 3200

across 328 5.9 204 0.85 7400
Red oak along 753 10.8 304 0.44 3100

across 678 9.2 2715 0.86 3200
Douglas fir along 502 16.0 384 0.23 2200

weross 455 8.4 258 0.80 4000
Maple along 741 13.9 354 0.35 2500

across 742 2.08 7100

38

The long-time solution effectively starts from
an infinite burning rate from where it decays
toward zcro. There is a transition point at which
the short-time and long-time solutions cross.
This point marks the peak burning rate M, .,
and it is less than the steady-state noncharring
material burning rate. Thus, for a charring
material the burning rate follows the short-time
solution up to the transition point (the peak
hurning rate) and thereafter follows the long-
time solution. The long-time solution also gven-
tually achieves an almost “steady” burning regime,

For the char depth, the short-time solution is
a linear function; transition to the long-time
solution is illustrated in Fig. 6. In the case of the
thermal penetration depth there are three solu-
tions to consider: the preignition, shori-time,
and Jong-time solutions. Figure 6 shows these
three solutions in their complete form and, for
darity, the inset plot shows the threc solutions
with the nonapplicable portions of the curves
removed.

THERMOPHYSICAL MATERIAL
PROPERTIES

The integral model requires a number of prop-
erties to be obtained for the material. A few of
the properties can be easily measured, others
must be obtained from experimental data, and
the remainder may be obtained from the liter-
ature. ‘The properties needed depend on the
model, and can be considered “effective” prop-
erties.

The model requires (among others) the ther-
mal conductivity &, density p, and specific heat ¢

150

and the refated properties of thermal inertia [ =
kpc and thermal diffusivity & = k/pc. Regarded
as constant in the model, these properties will
vary as the material undergoes thermal, me-
chanical, and chemical changes.

The density of the virgin wood was directly
obtained by measurement and it was assumed
that the thermal diffusivity remained constant.
From the ignition data the integral model the-
ory was used to obtain the ignition temperature
T,-g, the specific heat, and the thermal conduc-
tivity, Table 1 summarizes the directly “mea-
sured” and experimentally “derived” properties
for each species of wood in the two grain
orientations,

In addition, we need to obtain estimates of
the heat of gasification L and heat flux of the
flame ¢5%. This determination was the most
difficult. It was done on an iterative procedure
with some judgment of “best-fitting” the model
with experimental data.

The char fraction was obtained by direct
measurement following a test, with judgment on
final height, char depth, and volume shrinkage
of the sample. Janssens [26] gives data for the
thermal conductivity of a typical dry wood at
given densities and the varjation in the thermal
conductivity of char. From these data it can be
shown that the ratio of the thermal conductivity
of the virgin wood with the thermal conductivity
of the char can be approximated to the ratio of
the virgin wood density to the char density such
that
k
o Pe_ g

Ku  Pw 55
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Fig. 7. Char fraction against dimensionless irradiance.
ANALYSIS Determination of Flame Heat Flux and Heat

Char Fraction

A plot of measured char fraction against dimen-
sionless irradiance is shown in Fig. 7 where the
critical heat flux values used to obtain the
dimensionless irradiance are derived from the
integral mode! and shown in Table 1. A power
curve fit gives the “best” trend for these data as

ny ~0.64
¢ = 0.74(%’4)
g

<r

(56)

There is a fair degree of scatter of the data that
may partly be due to the difficulties of measur-
ing the char depth. Clearly, this relationship
may not be universal and only shows the “bulk™
effects of heat flux on overall charring. Lyon
[27] finds that the local char fraction of poly-
mers is a function of temperature. In contrast,
our char fraction is a bulk property resulting
from a graduation of wood decomposition as
well as char consumption duc to oxidation.

of Gasification

For each species of wood at a given orientation,
single values for the flame heat flux and the heat
of gasification were selected such that the fol-
lowing were achieved:

i. The short-time solution gave a reasonable
match with the initial mass loss ratc at
ignition;

The intersection of the short-time and long-
time solutions was comparable with the
peak experimental burning rate;

The long-time solution followed the decay
portion of the experimental burning rate.

i,

i,

It was found that adjusting the flume heat flux
and heat of gasification to exactly match any one
of the three criteria resulted in a poor compar-
ison with the remaining two. Thus the selection
of the flame heat flux and heat of gasification
was based on obtaining a reasonable match with
egach of the three criteria. Once determined,



INTEGRAL MODEL FOR BURNING RATE OF WOOD

TABLE 2

Heat of Gasification per Unit Mass of Virgin Wood and Flame Heat Flux Obtained
from Tterative Analysis i

Derived Heat

Mcasured Average

Derived Flame Flame HHeat Flux,

Grain of Gasification Heat Flux Hopkins [19]
Species Oricntation L (klg) g (kWim?) a5 (kWim?)
Redwood alomg 28 35 44
across 3.2 33
Red oak along 2.3 35 42
across 23 33
Douglas fir along 1.6 17
acToss 29 46
Maple along 1.7 16
36

across 35

these values were used over the range of radiant
heating conditions of 25 to 75 kW/m?.

Clearly the values of the flame heat flux and
heat of gasification obtained in this study are
not intended to be exact for a particular species
of wood at a given orientation. The iterative
prucess and the need to arbitrarily decide what
constituted a good match means that the values
given here are only representative. Table 2
shows the final derived values for the heat of
gasification and flame heat flux for cach wood in
the two grain orientations.

Comparisons Between Experiments and
Theory

Burning Rate

The dimensionless equations for the burning
rate are a relatively complex set of functions of
several variables. In order to examine how each
variable contributes to the behavior of the
model, we can select a set of typical values for
these variables and then vary any qne over a
range of values. To obtain the theoretical solu-
tions, the analysis uscd the following properties
and relationships: the heat of gasification and
flame heat flux derived from the jterative ap-
proach given in Table 2; the characteristic ma-
terial properties given in Table I; and the char
fraction relationship described by Eq. 56.

For example, Fig. 8 shows the variation in the
theoretical burning rate with incident heat flux
g7 taking typical values for Douglas fir in the
dlong grain orientation. Figure 8 also plots the

average measured burning rate at each given
incident heat flux from cight Douglas fir, along
grain orientation tests so as to obtain the gen-
eral form of the experimental data. Comparison
with the theoretical solutions shows how the
experimental data qualitatively compare with
the integral model solutions. The peak dimen-
sionless burning rate at low heat fluxes is greater
than at high heat fluxes in both cases. The
relative offset in the peaks as a function of time
shown by the theory is more difficult to identify
in the experimental data. In both the theoretical
and cxperimental cases, at long times the burn-
ing rates at the various heat fluxes run paratlel
at a slowly decaying (1/V¥ as shown by Eq. 54)
value although there is some minor fluctuation
in the experimental data. Similar results were
obtained for the other wood species and orien-
tations tested.

Figure 9 shows typical measured burning rate
and theoretical solutions for four samples. In
order to clearly identify the growth and decay
phascs, only the first 600 seconds of each test
are plotted. The theoretical solutions qualita-
tively compare well with the measured data, In
most cases the transition from the short-time to
the long-time solutions matches the time to the
measured peak burning rate, particularly at the
higher incident heat fluxes. The decay in the
burning rate predicted by the long-time solution
is qualitatively similar although the model un-
derpredicts the burning rate in the along grain
configurations as we move further away from
ignition.
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Thermal Penetration Depth

Figure 10 shows typical theoretical thermal pen-
etration depth solutions (derived from Eqgs. 7,
50, and 51) compared with the thermocouple
measurements. The experimental thermal pen-
etration depth was mapped by obtaining the
time at which each thermocouple recorded a
rise of 5°C above the initial ambient tempera-
ture of the sample. The theoretical solutions
compare well with the experimental data partic-
ularly at the shallower thermocouple depths,
and this was found to be the case with almost all
of the tests.

Chsr Depth

The theoretical char depth is compared with the
char depth obtained from Eq. 15 and the mea-
sured burning rate in Fig. 11 for four samples,
The theoretical solutions to the integral model
are qualitatively similar 1o the predicted char
layer depth from the measured burning rate and
compare well at 75 kW/m?.

The char depths measured at the end of the
tests were compared with the calculated char
depth from Eq. 15 using the average mass loss
rate measured in the Cone Calorimeter and ¢
cqual to the duration of the test #, (Fig. 12). At



INTEGRAL MODEL FOR BURNING RATE OF WOOD 321

0033 |
030 ,( T Experimental data (1)
oz i ~ = Shoet.time solution (2)
3 *: (2} — Long-time solution {3}
20,020 4
Pl
LRI
30,0(0 4 AN i}
) - . /
0.005 T~ -
(3}/ - T =
£ 000 + - ey ey e
9 60 120 180 240 300 350 420 480 S40 600
{a) Time {5}
0.035
1)
4.036 A lv“\m
Foos | ) [ “Experimental data (1)
g \ ~ -Shart-time solution (2}
-;—'9029 k ~ Long-time solution (3}
£ \
s
¥ \ P
jomo ~ e
0.005 {3} i
0000 l o~ e . . e
o 60 120 180 240 300 360 420 480 540 60
(b) Time {3}
am3s 4
00391!
1
| e
0025 I - Brperimental data {1}
! \ t- - Short-time solution (2}
2o {} — Long-time solution [3}
v |_—_Long-time solution [3) |
I
Eaaasu"(z)
5 il
Aoan. | a
uws ) - / Fp. - -
L T e e e e e e e
0.000 e : .
¢ 60 120 180 340 100 36D 420 4k0 540 6%
(C) Those {}
6.033 o
0030
%00!5 \ /(11) -Epeﬁmcmﬂ datn (1}
- - Shost-time gotution {2}
.g.(n 00 ; \ - — Long-Aime acdution {3)
oois{ /D {
Eo ate =
” I,
i T
0.005 N
0.000 - - — e g ey
G 6@ 120 180 240 300 350 420 430 540 60D
{d) Time {s]

Fig. 9. Measured and theoretical burning rates. ay Douglas
fir, afong grain, 75 kW/m? for 25 mins; b} Red ouk, along
grain, 75 kXW/m? for 25 mins; ¢) Redwood, 2long grain, 50
kWim? for 25 mins; d) Maple, across grain, 75 kW/m? for 75
mins.

0.050
0.045
0.040
0.03% (3t o« -
g 0090 B ,\ -
& 0025 o
0,020 - > -~
0.015 - % Thermocouple dals
0010 4 < —— Pre.ignition solution {1}
0.008 4 , - ~Short-time solution {2}
- — Long-time solution {3)
oppp 4 : - ouo——
6 60 120 IBD 240 300 350 420 480 S4p
(a) Time {s]
0.050 -
0.045 |
0040 .
0035 ®
{ {3} -
T 6.030 /\ -
0025 . -
§ 6020 | P N
5 L x Thermocouple data
N __ Pre-igntion solution (1}
0.010 . ﬂ,\{ﬂ - - Shor-Eme solution (2}
0.008 1 ’m — TFong-time solution {3}
s —
o 60 120 180 240 300 160 420 480  S40
(b) Time {s]
0.050
0.045
0.040
0035 | x .
= (1030 -
g —
& 0025 x (3}
0020 { -~
-
0.015 - - T Fre-ignition solution {1}
ool ¥ - - Short-tiene solution {2}
0005 L e 11} ~- Long-time soluion {3)
"0 x Thermocouple data
0000 Jetbh e
0 60 120 JB0 240 300 360 420 4B0 540
(C) Time {s]
uoso « -
0.045 | e
-
0.040 N
0.035 . * -~
— ~
£l 0.030 | .
o025 . <
} 0020 | <
0015 J 4 « Thermocouple data
e —— Pre-ignition solution {1}
0010 - Short-time solution {1}
e Long-tiene golution {31

voos L7
f{‘l‘l

© 000 r v - + v v

¢ 60 120 18D 240 300 360 420

(d) Time [s]

Fig. 10. Theoretical and mcasurcd thermal penetration
depth. a) Douglas fir, along grain, 75 kW/m? for 25 mins; b)
Red oak, afong grain, 75 kW/m? for 25 mins; ¢) Redwood,
along grain, 50 kW/m? for 25 mins; d) Maple, across grain,
75 kW/m? for 75 mins.

480 50



322
0.025
1 ,
i it o
0.020 T~
J 159N
Z 0015 § . ) -
E0 . N
H i —
-
E 0.010 j -
) -
! -
| P O
: -Bxperimental dta {1}
~
0.003 1 }2’/ ~ - Short-time solution {3}
[‘/ - Long-time solution {3}
0.000 4 - r gy
o 240 480 720 960 1,200 1,440
(a) Time [s]
0.025 .
} [ Exporimontsl s (1)
0020 4 | - —Shortdime solurion (2}
’ - Long-time solution |3}
E {11131 " N
-] % -
Eooo] . -
Ll o)
P
—
0005 {2 P
}/ -~
0.000 1L, : : -y gy
0 240 480 720 960 1.200 1,440
(b) Time {s]
0.025 -
0020
Fouls 1)
] _ —
& oo - (‘,,
- Tixperimental data {1)
3 - )
o0 P — —Shor-time solution {2}
I'g . — Long-time schition {3)
o000 Mes=dRY T L TR T,
0 244 430 720 960 1,200 1,440
{c) Time |s}
2.025 .,
" Expenimental data 17
020 | : — - Short-time solution {2}
l, — Long-tine solution (3}
P Soviihindl. Jhuba it |
—_ g -
B 0013 m - .
- ,{. P
i‘ 2010 _ - .
- A N3
-
oc0s ]2} ~
\/.V
S
0.000 1L . ; . ,
[ 240 480 0 960 1,200 1,440
(d) Time Js}

Fig. 11. Theoretical and measured char depth, a) Douglas
fir, along grain, 75 kW/m? for 25 mins; b) Red onk, along
grain, 75 kW for 25 mins; ¢) Redwood, along grain, 50
kW/m? for 25 mins; ) Maple, across grain, 75 KW/m® for 75
auns.

M. J. SPEARPOINT AND J. G. QUINTIERE

earlier times (25 minutes), the calculated and
measured data match fairly well though the
mass loss rate relationship appears to overpre-
dict stightly. However, at later times (75 min-
utes) the intcgral model fails to successfully
predict the char depth compared with the mea-
sured data. 1t is likely that this is due to a back
face effect; beat is lost through the back face
and/or the samplc is completely charred
whereas the integral model treats the sample as
having an infinitc depth that can continue to
char indefinitely.

Char Oxidation

During the tests conducted it was observed that
flaming would eventually ceasc and instead the
char at the surface of the material would be
oxidized away by the incident heat flux. The best
cxample of this was shown by a test using
Douglas fir, across grain orientation exposed for
75 minutes at 75 kW/m?® where the rate of heat
release and heat of combustion data clearly
show the transition from wood burning to char
oxidation (Fig. 13). The char oxidation mecha-
nism is not included in the model used in this
study.

The average heat of combustion during the
flaming portion of the test was 9.2 MJ/kg for
Douglas fir, which is comparable to the typical
value of 10 MJ/kg expected from burning wood
in the Cone Calorimeter as discussed in the
“Introduction.” The heat of combustion data
exhibits a higher degree of fluctuation during
the char oxidation phase due to the relatively
low instantaneous mass loss rates. By taking an
average of the heat of combustion during the
char oxidation stage of the test, the heat of
combustion of the char was found to be 35.5
MJ/kg. This value is higher than the 32 MT/kg
quoted by Janssens {3] but compares well with
the average heat of combustion for char of 34.3
MJ/kg quoted by Roberts [28]. By using the
average heat of combustion for char and the
measured rates of heat rclease, the average
“burning™ rate of the char was found to be
0.0015 kgfs - m?.

Figure 13 also clearly shows the back cffect,
where the burning rate of the sample increases
as the thermal wave is reflected at the rear of
the sample. This s also not included in the
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model used here but was included in the inte-
gral mode! demonstrated by Moghtaderi et al.
{21]. The solution to our integral model suggests
that the thermal penetration wave rcaches the
back of the sample after approximately 1000
scconds, which compares well with the results
presented in Fig. 13,

Maximum Surface Temperature

If it is assumed that after a “long” time the
maximum temperature recorded by the topmost
thermocouple is equivalent to the surface tem-
perature (i.e., the surface and the wood or char
ata depth of 4 mm are at equilibrium), then the
experimental data and Eq. 52 can be compared.
if it assumed that the flame heat flux at long
iime is actually negligible i.e., ¢ ~ 0, then Eq.
52 simply becomes

>1/4

and thus this gives an estimate of the minimum
long-time surface temperature, Figurc 14 shows
an example of the measured maximum temper-
atures and the theoretical values from Egs. 52
and 57 for rcdwood.

T,z(‘ﬂ

= (57)

SUMMARY AND CONCLUSIONS

We have developed a theoretical model for the
burning rate of wood and comparcd the solu-
tions to that model with experimental data. We
summarize the following:

1. The burning rate of wood depends on many

factors, including the species, grain orienta-

tion, moisture content, exposure conditions,

and the inherent variability of wood as a

natural material.

. After ignition, the integral model for the
burning rate of a charring material can be
expressed as a short-time and a long-time
solution.

. Effective heats of gasification based on the
original wood mass were found to be about
1.5-3.0 k)/g along the grain and 2.5-3.5 kJ/g
across the grain.

. The overall char fraction of wood has been
found to be an inverse function of the ratio of
the incident heat flux and the critical heat
flux. The function may not be universal for
all charring materials or even all species of
wood.

. Reasonable and cxperimentally plausible
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properties have been derived. The integral
model’s solutions for the burning rate quali-
tatively compare well with the measured
data. The model predicts both the initial
growth and the subsequent decay.

. Thermocouples embedded into a burning

sample can be used to estimate the thermal
penetration depth and the surface tempera-
ture after a long time. Comparison between
the thermocouple data and the integral
model shows reasonable agreement for both
parameters,

. Prediction of the char depth can be made

using the measured burning rate. The predic-
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tions of char depth based on the measured
mass loss rate and the measured char depth
after an exposure of 25 minutes compare
well. For an exposure of 75 minutes, the
match is poor; this may be due to the finite
thickness of the samples.

The authors thank Robert Schroeder for allow-
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of Fire Protection Engineering, University of
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