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Abstract

Structural softwood (timber) recently gained attention by architects and engineers as a construction ma-
terial for high-rise buildings. Regulations restrict the height of these buildings due to safety concerns as their
fire behaviour is poorly understood. The fire behaviour and loss of loadbearing capacity of timber is con-
trolled by charring, whose chemical kinetics has rarely been studied. Current models of charring assume,
without proof, the same reaction scheme and kinetic parameters apply to all wood species, which poten-
tially introduces a large uncertainty. Here, the hypothesis is tested that the kinetics of different wood species
insignificantly affects their charring behaviour. The kinetics is modelled by a microscale kinetic model—
including pyrolysis and char oxidation reactions—which assumes that the three main components (cellulose,
hemicellulose, and lignin) of wood degrade independently. Variation in the kinetics between different wood
species is captured by their different chemical compositions within a wood group (softwood or hardwood).
Hardwood is included for comparison. A database of over 600 compositions was compiled from literature,
and studied across scales using a microscale (mg-samples) and mesoscale (kg-samples) model. All reactions,
kinetic parameters, and physical properties were selected from literature. Both models were validated using
blind predictions of high-fidelity experiments from literature. Variation in kinetics were found to have a small
effect on the predicted mass loss rate at both scales (1 g/m>-s) and a negligible effect on the predicted tem-
peratures (£16 K) across different depths, heat fluxes, and oxygen concentrations at the mesoscale. These
results prove, for the first time, that the variation in kinetics is negligible for predicting charring across scales.
A kinetic model of charring derived for one wood species should be valid for all wood species within soft-
wood or hardwood. Modellers should, therefore, focus on the difference in the physical properties instead of
the kinetics between wood species.
© 2018 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
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Nomenclature

pre-exponential factor
heat capacity
activation energy
enthalpy
convective coefficient
H heat of reaction
thermal conductivity
permeability
mass flux
reaction order
pressure
external heat flux
radiative heat flux
t time
T temperature
Y mass fraction
Z
n

I LR

.
SRk

LQ.

distance
0, oxygen reaction order

Greeks

Emissivity

Radiative absorption coefficient
Bulk density

Viscosity or solid yield

Density of condensed species
Porosity

Volumetric reaction rate

g 9p = A

ubscripts
Destruction
Formation
Gas
Condensed species index
Gaseous species index
Reaction index

TS Ay

1. Introduction

Wood is an ancient material, traditionally used
as fuel, furniture, or construction material for low-
rise buildings. Only recently has structural soft-
wood (timber) gained attention as a construction
material for high-rise buildings [1], because it is
strong, sustainable, and cost-efficient. In fact, tim-
ber is made environmentally sustainable by nature.
In nature, the stem holds the crown of a tree up to
100-m-high, just like a timber column could hold a
building over 100-m-high. The lack of knowledge
of the fire behaviour of timber, however, has led au-
thorities to restrict the height of timber buildings to
mid-rise around the world for safety concerns.

Charring (pyrolysis and heterogeneous oxida-
tion) control the burning behaviour of wood. For
example, the loss of structural loadbearing capac-
ity of timber (softwood) during a fire is determined
by the charring rate, which for the lack of knowl-
edge is often assumed constant under all condi-

tions. Previous works studied the influence of heat
flux, density, and oxygen concentration on char-
ring [2-6]. Variation in the charring rate of differ-
ent wood species was believed to be explained by
different material properties [2]. This assumption
implies that charring is dominated by heat transfer,
but both heat transfer and kinetics control charring
[6]. Mueller-Hagedorn et al. [7] showed that differ-
ent wood species have different kinetics at the mi-
croscale, which are dictated by their chemical com-
position. One only has to divide wood into soft-
wood (coniferous trees) and hardwood (deciduous
trees). The importance of these differences for char-
ring at the large scale remains unknown. Here, we
test the hypothesis that the kinetics of different
wood species insignificantly affects their charring
behaviour.

Based on previous work [7-9], we express the
difference in kinetics between wood species by one
kinetic model with different chemical composi-
tions. To predict the behaviour at different scales,
we examine the kinetics at both the micro and
mescoscale. At the microscale (mg-samples), we
study the effect of varying the chemical composi-
tion on the kinetics of thermal degradation. At the
mesoscale (kg-samples), we then study the effect on
kinetics, heat transfer, and mass transfer. These re-
sults are disussed for softwood (timber) with hard-
wood presented for comparison. Based on these re-
sults, the importance of different kinetics for struc-
tural timber members in buildings (macroscale) is
discussed.

2. Methods
2.1. Mircoscale model

The kinetics of wood is measured at the mi-
croscale with mg-samples in a small furnace (TGA)
at a constant heating rate. In this study, the reac-
tion scheme and kinetic parameters are taken from
and verified (see supplementary materials Fig. S1)
against [8]. They predict the ignition of timber sat-
isfactorily [10]. Wood pyrolysis is modelled as the
linear superposition of its three main components:
cellulose, hemicellulose and lignin. The initial mass
fraction of each component is given by the chem-
ical composition of the wood. Each component is
assumed to yield the same char and follow indepen-
dently the same reaction scheme shown in Fig. 1.

We added a char oxidation reaction (R4) to
the pyrolysis scheme, as it was observed in the
mesoscale experiments [11] and is necessary for ac-
curate predictions [5]. We used the kinetic param-
eters by Kashiwagi and Nambu [12] for R4, tak-
ing cellulose char as a surrogate for wood char.
In total, there are 10 reactions and 10 species.
The model presented focusses on charring: only
non-flaming experiments were considered (with-
out combustion reactions in the gas-phase). The
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Table 1
Kinetic parameters in the format of E /log A / v/ AH in the units of (kJ/mol) / (logs~1) / (-) / (kJ/g).
Reaction R1 R2 R3 R4, char to ash
Cellulose 242/19.4/1/0 197/14.5/0/0.26 151/10.1/0.35/0 160/9.75/0.03/—11.9
Hemicellulose 186/16.3/1/0 202/15.9/0/0.26 145/11.4/0.62/0
Lignin 107/8.98/1/0 144/9.18/0/0.26 111/6.89/0.75/0
.. , R2
Virgin Rri =~ Active Tar
z=0
Component CF‘{ZmponentR3 Cflar + Gas
PRI L, S
-*>Ash+Gas

Fig. 1. Reaction scheme of each component. Where (—)
are pyrolysis reactions and (- -) are oxidation reactions.

rate of the pyrolysis and oxidation reactions is de-
scribed by Eq. (1) with all kinetic parameters given
in Table 1.

i = pYaiYo " Aexp (—E/RT) (1)

The order of oxidation (no,) is zero for pyrolysis
[8] and 0.78 for oxidation reactions [12]. The heat
of reaction for each pyrolysis reaction (R1 to R3)
is from [10] and for the char oxidation reaction (R4)
from [13].

2.2. Mesoscale model

At the mesoscale the in-depth temperatures and
mass loss rates of kg-samples are measured [2]. The
model is similar to [10], which solves 6 conservation
equations: those for the condensed-phase mass (2),
species (3), and energy (4), and those for the gas-
phase mass (5), species (6), and momentum (7).

85 m
ot - %re @
oY) . w

rramie @p; — Dy 3)

-7 K N
ook _ 2 (12”) Y ap-am - M@
i=1

9t 9z\ 9z 9z

9, - om ..

o7 (Pe) + —— =y, ©)

3( Q;y)+ﬂ(m”y)_ 9 @ D%

gt Pe@h) T ) = T\ 9Py
R (6)

" Kop

= M

g, = 8.7 ®)

z=L

Fig. 2. Experimental and computational set-up to study
charring. TC—thermal-couple position.

All properties in Egs. (2)—(8) are averaged (over-
bar) based on mass or volume fraction. We as-
sume thermal equilibrium between the gas and
solid phases, and Darcy flow within the porous
solid. Figure 2 illustrates the computational do-
main. Convection, re-radiation, and incident heat
flux are modelled at the free surface (z=0), while
only convection is modelled at the back surface
(z=38mm) where the temperature rise is small,
around 50°C [14]. The values of the convection
coefficients are from [3]. The free surface allows
diffusion of gaseous species, while the back sur-
face is impermeable. We also assume negligible heat
losses to the lateral sides. Furthermore, the model
includes surface regression (see [15] for details) and
in-depth radiation (Eq. (8)). The conservation Eq.
(1)—(8), together with the boundary and initial con-
ditions were solved fully implicitly in Gpyro 0.700,
with further details provided elsewhere [3]. A time-
step of 0.1s and a cell size of Az=0.05mm en-
sured convergence in all simulations. In compari-
son to [10], we simulated different experiments, in-
corporated oxidation into the kinetics (Section 2.1),
and corrected the material properties of the wood
(Table 2).

All material properties (Table 2) are taken from
literature and assumed to be temperature indepen-
dent. They were either measured by Ohlemiller
et al. [11,14] or selected from the literature, follow-
ing a literature review, based on their quality, use
in modelling, and similarity to the studied species.
Following others [8], the virgin and active compo-
nents of cellulose, hemicellulose and lignin have
the same material properties as wood (here timber).
The density and emissivity of timber were mea-
sured and estimated in the experiments [11,14]. All
other material properties of timber and char are
from [10], and for ash from [16]. The density of
char was changed to a plausible value for the stud-
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Table 2
Material properties of each species from [4,10,16]. * measured or estimated by Ohlemiller et al. [11,14].
Species p (kg/m?) k (W/m-K) ¢ (J/kg-K) €(-) « (m~ 1) ps (kg/m?)
Timber 380* 0.126 2300 0.7* 570 2167
Char 162 0.084 1100 0.95 570 2333
Ash 19.5 0.8 880 0.95 00 2500
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[ = PO ye r ;
e N — _ (c) Uncertainty
. 9 / \ Yi=011-¥14) Propagation
ellulose .
. OH PDF vy YZ:(VZI"“’.VZ‘I)
o N . m
HO o— ‘,/ \\ —_
Hemicellulose . s * » e
mf . POF3, R
o) ;]’ f\
N Uljffw S N = | W=0wpwa) T
He ‘ \l A"—\m s Kinetics: reaction Uncertainty
we® Y Oan, L scheme and in the
Analysis Ligni Multivarlate Sampled arameters output
enin Normal Distributions P P
wood sample Distribution

Fig. 3. Flow chart of the propagation of chemical composition, treated as an uncertain parameter, through the microscale
model. m is the residual mass and T is the temperature. Molecular structures are from [9].

ied species (380 kg/m?) from 330 [10] to 162 kg/m?
[4].

2.3. Database of chemical composition and
propagation of uncertainty

The wood species used in the initial design and
construction of a building can differ, and it is im-
portant to quantify this uncertainty. Figure 3 illus-
trates the used methodology of uncertainty prop-
agation, where uncertain parameters are treated as
random variables with a defined probability distri-
bution. We propagated the distributions of uncer-
tain input parameters (mass fraction of each com-
ponent in the composition) through a model with
a large number of simulations, where the uncertain
parameters were drawn randomly from their distri-
butions (Monte Carlo). From these simulations the
probability distribution (uncertainty) of the output
was built.

To derive the input probability distribution,
over 600 chemical compositions of wood species
from the literature (see supplementary material
Table S1) were compiled into one database. This
database was split into two groups according to
the tree’s reproduction: one for softwood and one
for hardwood. Softwood is used for construc-
tion (timber) and hardwood mainly for energy.
They are separated as they behave differently (see
Section 3.1 or [7]). A multi-variant normal distri-
bution was fitted to each group. The fitted dis-
tribution was verified by comparison of its prob-
ability density function, cumulative density func-
tion, and covariance matrix with the original data.
We applied this methodology to the microscale

softwood

hardwood

mean softwood
mean hardwood  ©-

+ & v OO D

09 08 0.7 06 05 04 0.3 0.2 0.1
Fraction of Cellulose

0

Fig. 4. Ternary plot of all compositions of softwood and
hardwood reported in the database (see supplementary
material Table S1). For comparison paper, peat, and twigs
[18] are shown.

(1000 samples) and mesoscale (500 samples)
model.

3. Results and discussion
3.1. Variation of chemical composition

The mass fraction of each component be-
tween stem wood and other biomass differs sig-
nificantly (Fig. 4). For example, the mass frac-
tion of hemicellulose and lignin only varies be-
tween 0.1 and 0.44 in stem wood, while higher val-
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Fig. 5. Covariance between the different fraction of softwood (M red) and hardwood (Ablue)—cellulose yc, hemicellulose
yH, lignin yp, and extractives yg. The diagonal shows the histogram of each component with the green y-axis showing
the height of the probability density function (pdf). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

ues can be found for peat and twigs. Within wood
the composition of softwood and hardwood differ.
Softwood shows on average a greater content of
cellulose (47 vs 46%) and lignin (29 vs 23%) than
hardwood. Its hemicellulose contains mainly man-
nans, while hardwood contains mainly xylan [7].
These differences cause different mass loss rates at
the microscale [7], and the two are, therefore, anal-
ysed separately [7,17].

The diagonal of Fig. 5 illustrates the histograms
of the components of softwood and hardwood.
All components are approximately normally dis-
tributed as indicated by the Kolmogorov-Smirnov
test (average p-value: 0.26). All other graphs in
Fig. 5 show the fraction of one component plotted
against another (covariance). Cellulose and hemi-
cellulose are strongly correlated while the other
components are mostly moderately correlated (see
supplementary material Table S2). The covariance
between components is, therefore, significant which
supports our choice of using a multivariate nor-

mal distribution for the input parameters in the un-
certainty propagation (Section 2.3). As the average
fraction of extractives in wood is below 5% and
extractives decompose at similar temperatures to
hemicellulose [19], the assumption of adding them
to hemicellulose [8] is reasonable.

3.2. Effect of chemical composition at the
microscale

Fig. 6 compares the predicted residual mass and
reaction rate (normalised mass loss rate) of the mi-
croscale model for softwood (a and b) and hard-
wood (c and d) with state-of-the-art experiments
[20]. The shaded region represents the variability in
the predictions from the Monte-Carlo simulations.
Darker shading represents a higher probability of
obtaining a prediction in that region, with the black
lines showing the average.

For softwood, the kinetics predicts the residual
mass within the experimental uncertainty (Fig. 6a),
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Fig. 6. Comparison between kinetic model and experiments—state-of-the-art experiments by Gronli et al. [20] of two
commonly used species—at the microscale at 5 K/min in inert environment. The shadow area represents the log probability

density obtained from the Monte-Carlo simulations.

but the reaction rate is shifted to lower temper-
atures than in the experiments (Fig. 6b). Predic-
tions show two peaks, but the peak at 280°C is
experimentally only observed for hardwood, as
it stems from the degradation of xylan (hard-
woods hemicellulose) [7]. These discrepancies be-
tween hardwood and softwood are discussed in
[7,17] and between the predictions and the hard-
wood experiments (Fig. 6d) in [8], where the latter
were judged acceptable. As the agreement between
the predictions and the softwood experiments is
similar to that of hardwood (see Fig. 6), they can
also be judged acceptable.

Different species—expressed by different chem-
ical composition—degrade similar and yield simi-
lar residual mass histories (Fig. 6a). The probabil-
ity density function of the component’s mass frac-
tions and the predicted reaction rate are also the
same (Fig. 6b). They both have the same distribu-
tion (normal) and a similar standard deviation (13
and 22% respectively). As the variation in the chem-
ical composition of softwood is small, the varia-
tion in height and location of the reaction rate peak
is small and none respectively. The same argument
holds for hardwood (Fig. 6¢ and d). The difference
in kinetics within hardwood and softwood is, there-
fore, negligible at the microscale for the charring of
wood.

Gronli et al. [20] found experimentally small dif-
ferences in the reaction rate within common soft-
woods and hardwoods. From these results, Anca-
Couce and Obernberger [17] concluded that only
one composition for hardwood and softwood re-
spectively is necessary to predict pyrolysis at the
microscale, which is consistent with our findings.

Their proposed compositions are also close to the
average compositions found here (Table 3).

3.3. Effect of chemical composition at the
mesoscale

Figs. 7 and 8 show the comparison between pre-
dictions of the mesoscale model and the experi-
ments of [11,14] at two different heat fluxes and
different oxygen concentrations. All predictions are
blind.

At both heat fluxes, the model shows good
agreement with all temperatures, regardless of the
composition (Figs. 7a—c and 8a). The average error
in the temperatures (37 K) is close to a conserva-
tive estimated experimental error of + 30 K based
on [21]. Only the surface temperatures show some
discrepancies which are insignificant, because char-
ring rates are determined from in-depth tempera-
ture profiles and not surface temperatures.

On the other hand, the average error across
all data points of the mass loss rate (34%) is sig-
nificantly worse than for the temperatures (15%).
Qualitatively the model reproduces the experi-
ments. It shows one sharp peak for the case of
40 kW/m? (Fig. 7d) and a delayed peak for the case
of 25kW/m? (Fig. 8a). However, the peaks are pre-
dicted too early at both heat fluxes and are too high
at 40 kW/m?2, and too low at 25 kW/m?.

These disagreements are consistent with stud-
ies from several state-of-the-art pyrolysis models of
polymers [22]. They found discrepancies with the
mass loss rate appear when using incomplete ki-
netics or neglecting the heat of pyrolysis [22]. As
the predictions of the temperatures are good, the
heat of pyrolysis is an unlikely cause for the dis-
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Table 3
Comparison between measured and proposed composition of softwood and hardwood in the literature [17].
Cellulose (%) Hemicellulose (%) Lignin (%) Extractives (%)
[17] Mean [17] Mean [17] Mean [17] Mean
Hardwood 44 45+6 34 29+7 22 23+5 0 42+24
Softwood 44 47+6 26 21+7 30 29+5 0 39+29
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Fig. 7. Comparison between the predictions (lines) and experiments (symbols) at 40 kW/m? at different oxygen concen-
trations. The solid lines indicate the average predictions, and the two dashed black lines the variability (twice the standard
deviation) in the predictions due to the variability in chemical composition.
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Fig. 8. Comparison between predictions and experiments at an external heat flux of 25kW/m?. The solid lines indicate
the average predictions, and the two dashed black lines the variability (twice the standard deviation) in the predictions due

to the variability in chemical composition.

crepancy. The missing fuel oxidation reactions of
wood are the likely cause of the disagreement, as
supported by Anca-Couce et al. [13,22]. The chosen
kinetics and experiments at the microscale focussed
on inert experiments [8] and revisiting them for
oxidative environments should improve the agree-
ment. Nevertheless, we judged the model as appro-
priate for this study for two reasons: Firstly, the
agreement represents the quality of current state-

of-the-art condense-phase fire models in blind pre-
dictions [22]. Posterior calibration (not conducted
here) would have significantly improved the agree-
ment. Secondly, charring rates, and so the decay of
loadbearing capacity, of timber are derived from
the temperature profiles, which are well predicted.
The composition has little effect, maximum de-
viation £8 K, on the surface temperature (Fig. 7a—
¢), as it is controlled by heat transfer [22]. For the
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Fig. 9. Experimental temperature at 4 (redwood and fir)
and 5 (pine) mm at 25 kW/m? of different species.

in-depth temperatures the effect of chemical com-
position becomes more significant with time under
all conditions (maximum +16 K at 600s, Fig. 7c).
As all predications only vary in composition (same
material properties and heat of pyrolysis), the vari-
ation in temperature with time is caused by the dif-
ferent char yields of different species—the only pa-
rameter left linking heat transfer and kinetics. Vary-
ing the composition varies the total char yield, as
each component yields different amounts of char.
In turn, that varies the heat transfer to the intact
wood and the heat release by oxidation. The small
variation in temperature under inert environment
(Fig. 7a), makes the different heat release by oxida-
tion the most likely cause for the variation in tem-
perature in reactive environment.

Similarly, the composition has little effect on the
initial peak at 40 s in Fig. 7d and at 80 s in 8b in the
mass loss rate. With time, the mass loss rate varies
more significantly between species (up to &1 g/m?-
s). This range is negligible for charring, but poten-
tially not for other fire phenomena. For example,
a critical mass loss rate is often used to assess if
flaming ignition and self-extinction of timber oc-
curred. The variation (&1 g/m>-s) is of the same
magnitude as the critical mass loss rate (3-10 g/m?-
s) [10,23]. Hence, ignition and self-extinction could
be affected although this aspect is outside the scope
of this paper. The same conclusions hold true for
the case of 25 kW/m?.

The measured temperatures at depths of 4 to
Smm of several softwoods by [2,14] under simi-
lar moisture contents reveal a small difference be-
tween species at the same depth (average devia-
tion: £22K) (Fig. 9). Shen et al. [24] also found
small differences (+34 K at 20 kW/m?) in the sur-
face temperatures between different hardwoods,
meaning that our results are consistent with exper-
imental findings.

The residual loadbearing capacity of timber sec-
tions at the macroscale (for buildings) is calculated
from charring rates [1] which are determined from
mesoscale experiments or models. The results from
the mesoscale model should, therefore, apply di-
rectly to the marcoscale. Hence, the variation in ki-

netics within softwood is negligible for charring of
structural softwood (timber). Our results from the
microscale and other literature studies suggest that
the same conclusions would hold for hardwood.

The main limitation of this work is that we only
studied one reaction scheme in detail. The results,
however, are applicable to all reaction schemes
with several fuel components that degrade inde-
pendently. All current state-of-the-art-models [7—
9,25] belong to this group. For example, the propa-
gation of the variation in species through the most
complex of these kinetic models, the Ranzi scheme
[9] without secondary reactions, leads to the same
conclusions (see supplementary materials Fig S2)
as earlier in Section 3.2 (Fig. 6). Hence, there is suf-
ficient evidence to conclude that our results hold in
general.

4. Conclusion

In this paper, we tested the hypothesis that the
kinetics of different wood species insignificantly af-
fects the charring of wood. Based on over 600 col-
lected chemical compositions, we found that the
variation of cellulose, hemicellulose, and lignin is
small within softwood (timber) and hardwood. At
the microscale, the variation proved to be insignif-
icant to predict the rate of degradation. The peak
reaction rate only varies by 22% which is reasonable
compared to a 12% experimental uncertainty. The
corresponding temperature remains constant. No-
tably, this analysis shows the uncertainty of choos-
ing the kinetics of timber a priori to knowing the
exact species, which is an expected scenario in pro-
fessional practice. At the mesoscale, the difference
in kinetics, including both pyrolysis and char oxi-
dation reactions, proved insignificant for tempera-
ture and mass loss rate predictions for the charring
of wood, but potentially significant for other fire
phenomena. The predicted temperatures and mass
loss rates vary by at most £16 K and +1 g/m?-s, in-
dicating that the influence of kinetics reduces with
the increase in scale from microscale to mesoscale.
It is, therefore, reasonable to expect that the pre-
diction of charring at the macroscale, i.e. struc-
tural members, is unaffected by variation in kinet-
ics within timber. Consequently, the current kinetic
models for charring of hardwood or softwood of
one species are appropriate for all species. Mod-
ellers should, therefore, focus on the difference in
material properties between different wood species.
This conclusion validates the current practice and
research methodology in fire protection engineer-
ing and fire science respectively.
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