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a b s t r a c t 

Pyrolysis is a key process in all stages of wood burning from ignition to extinction. Understanding each 

stage is crucial to tackle wildfires and assess the fire safety of timber buildings. A model of appropriate 

complexity of wood pyrolysis and oxidation is missing, which limits the understanding of fires fuelled by 

wood. Progress towards this aim has been slow in recent years, as the role of chemical kinetics is still 

debated. Three predominant theories hypothesis that chemistry is either infinitely fast (de Ris), a function 

of char depth (Atreya), or a function of heat flux (Suuberg). This paper proposes a novel multi-scale 

model of wood pyrolysis and oxidation for predicting the charring of timber. The chemical kinetics sub- 

model was previously validated at the microscale (mg-samples). We favourably compare the complete 

model against a large range of mesoscale experiments (g-samples) found in the literature of different 

moisture contents (0–30%), heat fluxes (0–60 kW/m 

2 ), oxygen concentrations (0–21%), grain directions 

(parallel/perpendicular), and combinations thereof. The model was then used to calculate the transient 

Damköhler number of wood at different depths and heat fluxes. This analysis showed that chemistry and 

heat transfer are both important at all heat fluxes and stages of burning relevant to fire, which unifies 

the three theories by Suuberg, Atreya, and de Ris. We argue that the model is of currently appropriate 

complexity to predict the charring of timber. These findings improve our understanding of wood pyrolysis 

and the modelling of timber burning across scales. 

© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Future wildland and urban fires alike will be fuelled by wood.

Wildland fires spread in a rapid and dangerous manner [1] , which

calls for a better understand of wood’s burning behaviour. At the

same time, timber buildings are employed as a carbon-negative

construction material [2 , 3] . The fire safety of timber remains a

concern due to the material flammability of timber [4] . Under-

standing the burning behaviour of wood is essential to tackle both

wildland and urban fires. During a fire, wood undergoes pyrolysis

which is a thermochemical process that turns wood into char, con-

densable liquids (tar), and gases. In other words, pyrolysis provides

the fuel for the combustion of wood and subsequently controls

the burning behaviour of wood in many conditions. For example,

current building regulations calculate the structural strength decay

of wood in a fire based on the rate at which wood turns into

char (charring). The char depth alone defines the strength decay

and subsequently the structural performance of timber. However,
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ffective charring rates are employed based on research on a

ingle and uniform heating scenario, the standard fire. Only a few

tudies exist [5–8] who explored charring rates under different

eating scenarios likely to occur in a fire. All of these studies were

f purely experimental nature, except for [8] who build a compu-

ational pyrolysis model that has not been validated. No study has

et scientifically explored charring rates under non-standard heat-

ng conditions computationally due to the lack of a generalised

nd systematically validated model of wood pyrolysis available. A

omprehensive and computational efficient model of wood pyroly-

is is needed to investigate charring rates in non-standard heating

onditions that are currently not investigated experimentally.

harring rates are needed by structural engineers to simulate the

tructural response of a building in a fire and ensure its safety. 

Previous computational studies at the mesoscale (g-samples)

ave focussed on the fundamental process of charring of wood in

nert (pyrolysis) and reactive (burning) atmosphere under constant

eat fluxes or the standard fire. Broadly, we can classify all existing

odels of pyrolysis suitable for fire science ( < 120 parameters)

nto four categories ( Fig. 1 ): analytical (III), heat transfer driven

II), chemical driven (IV), and comprehensive (I). The analytical
stitute. This is an open access article under the CC BY license. 
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Fig. 1. Overview of the four types of pyrolysis models of timber available in the 

literature. The RR Model was developed in this study. The model by Bellan, Atreya, 

and Lautenberger are taken from [9–12] , respectively. The other models include the 

following [13–24] . 

m  

a  

p  

s  

p  

m  

t  

r  

h  

d  

r  

 

r  

e  

fl  

k  

f  

v  

a  

f  

O  

e  

p  

c  

I  

o  

o  

c  

T  

t  

o

2

 

t  

t  

T  

t  

g  

l  

c  

c  

s  

p  

f  

t  
Nomenclature 

˙ m 

′′ 
mass flux 

n O 2 oxygen reaction order 

A pre-exponential factor 

c heat capacity 

D diffusivity 

d c char depth 

d p pore diameter 

E activation energy 

h enthalpy 

h c convective coefficient 

h m 

mass transfer coefficient ( h m 

= h c / c g ) 

k thermal conductivity 

K permeability 

MC moisture content 

n heterogeneous reaction order 

P pressure 

R universal gas constant 

s sensitivity coefficient 

t time 

T temperature 

X volume fraction 

x parameter of interest 

Y mass fraction 

z spatial location 

�H heat of reaction 

Greeks 

˙ ω 

′′′ volumetric reaction rate 

α Thermal diffusivity 

γ length scale (m) controlling radiant conductivity 

δ thickness 

ε emissivity 

η rate Constant 

	 conversion 

ν viscosity/stoichiometry or solid yield 

ρ bulk density 

ρs solid density, ρ/ ρs = 1 −�

τ timescale 

� porosity 

χ parameter controlling swelling 

σ Stefan-Boltzmann constant 

Subscripts 

0 initial 

air air 

c char 

chem chemical 

d destructive 

f formation 

g gas 

H 2 O water 

HT heat transfer 

i condensed species number 

j gaseous species number 

k reaction number 

O 2 oxygen 

p product or pyrolysis 

r reactant 

w wood 

ww wet wood 
s  
odels consist of only one or two chemical reactions coupled with

n energy balance. They are solvable analytically even if the im-

lementation was numerical. Heat transfer driven models couple a

mall number of reactions ( < 5 reactions) with a comparably com-

lex sub-model of heat transfer including temperature-dependent

aterial properties, shrinkage, or radiative heat transfer within

he porous. Chemically driven models couple a large number of

eactions ( > 5 reactions) with a comparably simple sub-model of

eat transfer consisting of one energy equation including only con-

uction and constant material properties. Comprehensive models

epresent heat transfer and chemistry with comparable complexity.

Analytical, heat transfer driven, and chemically driven models

eproduce the pyrolysis process of timber inadequately as they

ither fail to reproduce the influence of oxygen [25 , 26] , the in-

uence of moisture [17] , or the influence of finite rate chemical

inetics [27] . Even when models incorporate all of the above

eatures (comprehensive model), they then lack a systematic

alidation. For example, Lautenberger and Pello [12] developed

 numerical model to capture the pyrolysis of wood under dif-

erent heat fluxes ( < 40 kW/m 

2 ), oxygen concentrations ( < 21%

 2 ), and moisture contents. Their model was only validated with

xperiments at one moisture content that were used to derive all

arameters. This methodology limits their model to the derived

onditions [28 , 29] , making the model infeasible for extrapolation.

n this study, we aim to develop a model of wood pyrolysis and

xidation of appropriate complexity valid for studying the charring

f timber. With this model, we aim to unravel the influence of

hemical processes on the pyrolysis of wood under fire conditions.

hroughout the paper, we will also compare the performance of

he comprehensive model (RR Model, Fig. 1 ) to one other model

f each category for reference (all labelled in Fig. 1 ). 

. Materials and methods 

We developed the RR model at the micro- and mesoscale with

he chemical kinetic sub-model taken from the microscale and

hen implemented into a mesoscale heat and mass transfer code.

he RR model can then be upscaled to help improve predictions at

he larger scales as described by Rogaume and others [30–34] . Ro-

aume proposed that by studying pyrolysis across scales, one iso-

ates, as much as possible, the different controlling physical and

hemical processes. We extended this methodology to include a

omparison of the RR model to a wide range of experimental mea-

urements from the literature to ensure it captures all important

hysical and chemical processes. The RR model is expected to per-

orm well in interpolation and extrapolation. Additionally, we in-

roduced the concept of appropriate complexity [34] to the up-

caling methodology to keep the complexity of each sub-model to
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Fig. 2. Reaction scheme of the chemical kinetic sub-model as taken from [35] . 
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a minimum at each scale without losing accuracy. A detailed dis-

cussion of our methodology can be found in [33] . The following

section outlines the model formulation at both tested scales (mi-

croscale and mesoscale), the methodology of uncertainty propaga-

tion, and the sensitivity study. 

2.1. Kinetic sub-model (mg-samples) 

The kinetic sub-model used was developed in [35] with the

reaction scheme shown in Fig. 2 . The reaction scheme consists

of the superposition of three reactions, one reactions scheme for

each of the main components of wood: cellulose, hemicellulose

and lignin. It captures the pyrolysis, fuel oxidation, and char

oxidations reactions. The fuel oxidation was included as oxygen

accelerates the decomposition of wood, with further details on

the influence of oxygen on the kinetics found elsewhere [35–37] .

The mathematical formulation is as in [38] where one solid-phase

reactant goes to one solid-phase product at a rate govern by Eq. 1

with additional terms defined in Eqs. 2 and 3 . 

˙ ω 

′′′ 
di = 

(
ρ̄Y i �z 

ρ̄Y i �z �

)n i 
( ̄ρY i �z ) �

�z 
Y n i , O 2 

O 2 
ηi (1)

Where 

ηi = A i exp 

(
− E i 

RT 

)
(2)

( ̄ρY i ) � = ( ̄ρY i ) | t=0 + 

∫ t 

0 

˙ ω 

′′′ 
f i ( τ ) dτ (3)

The overbar represents the mass or volume average accordingly.

For pyrolysis reactions, the order of oxidation is zero. Furthermore,

we assumed that the chemical composition of wood is 45.9%

cellulose, 25.14% hemicellulose, and 28.97% lignin by mass. This

composition is the average composition of softwood from our

database [26] . 

All reactions and kinetic parameters together with the heat of

pyrolysis can be found in [35] , where they were derived using a

literature review and systematic optimisation. In this study, we

introduced the heat of oxidation. The heat of oxidation of R6 was

estimated in [39] as −0.3 MJ/kg, but the output is insensitive to

the exact value which the literature reports to be between 0 and

−0.3 MJ/kg. The heat of oxidation of R4 varies in the literature

between 0 and −5.7 MJ/kg [40] We set it to be equal to the heat

of oxidation of R6, because hemicellulose and cellulose are chemi-

cally similar in many respects [41] . It is reasonable to assume that

their heats of oxidation are similar. The heat of char oxidation (R8,

−25 MJ/kg) was assumed to be equal to that measured in [40] ,
ut varies in the literature between 0 and −32.8 MJ/kg. We chose

he heat of char oxidation (reaction R8) from [40] for consistency

ith [35] , as the kinetic parameters of R8 were taken from the

ame paper. 

.2. Pyrolysis code (g-samples) and boundary conditions 

The kinetic sub-model was implement into Gpyro [38] , which is

 generalised pyrolysis code. It solves the conservation equations of

ondensed-phase ( Eq. 4 ), species ( Eq. 5 ), and energy ( Eq. 6 ) as well

s the conservation equations of gas-phase mass ( Eq. 7 ), species

 Eq. 8 ), and momentum ( Eq. 9 ). The material properties of virgin

ellulose, active cellulose, hemicellulose, and lignin are assumed to

e the same as for timber and listed in Table 1 . All material proper-

ies are taken from the literature [9] or measured [42] . We assume

hey are independent of temperature. Those parameters indicated

y a star depended on the experiment. Similarly the properties of

har and ash are taken from literature respectively [9 , 43] . 

∂ ρ̄

∂t 
= − ˙ ω 

′′′ 
f g (4)

∂ ( ̄ρY i ) 

∂t 
= ˙ ω 

′′′ 
f i − ˙ ω 

′′′ 
di (5)

∂ 
(
ρ̄h̄ 

)
∂t 

= k 
∂ 

∂z 

(
∂T 

∂z 

)
+ ˙ ω 

′′′ 
f i ( −�H i ) (6)

∂ 

∂t 

(
ρg φ̄

)
+ 

∂ ˙ m 

′′ 
∂z 

= ˙ ω 

′′′ 
f g (7)

∂ 

∂t 

(
ρg φ̄Y j 

)
+ 

∂ 

∂z 

(
˙ m 

′′ 
Y j 

)
= − ∂ 

∂z 

(
φ̄ρg D 

∂ Y j 
∂z 

)
+ ˙ ω 

′′′ 
f j − ˙ ω 

′′′ 
dj (8)

˙ 
 

′′ = − K̄ 

ν

∂ p 

∂z 
(9)

he overbar represents the mass or volume average as described

lsewhere [38] . In Gpyro, the density of char and ash determine

he solid yield by Eq. 10 . 

= 1 + 

(
ρP 

ρR 

− 1 

)
χ (10)

here ν is the solid yield, ρ is the density, and χ is the shrinkage

actor. The subscripts p and r stand for condense-phase product

nd reactant respectively. To implement our kinetic sub-model

nto Gpyro, we assumed that fuel pyrolysis and fuel oxidation

eactions form char of two different densities, which have the

ame material properties. The former forms char as ρc = 0 . 35 ρR ,

hile the latter forms char as ρC = 0 . 1 ρR . This assumptions is in

ine with the literature [44] and allows us to conserve physical

lausible shrinkage factors. In Table 1 we only reference one of

he densities for char, while for ash we assumed that ρa = 0 . 03 ρw 

.

The values of permeability, as in [44] , and radiative conductiv-

ty, as in [11] , were calculated as follows in Eqs. 11 and 12 : 

 i = 10 

−3 d 2 p,i (11)

nd 

i = 

13 . 5 d p,i 

ε i 
(12)

he computational set-up reproduces the experimental one in

42] and is sketched in Fig. 3 . The timber sample can be repre-

ented as a one-dimensional slab of thickness L = 3.8 cm and

oisture content of 5% with heat applied to it on one side. Tem-

eratures were measured at 0, 5, and 10 mm for all experiments

s well as at 15 and 38 mm for some experiments. The boundary
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Table 1 

Material properties of each species. 

Species (i) ρ i (kg/m 

3 ) k i (kg/m 

3 ) c i (J/kg-K) ε(–) γ (mm) ρsi (kg/m 

3 ) K × 10 10 (m 

2 ) d p (mm) 

Timber 361 a 0.126 [9] 2300 [9] 0.7 a 0.771 1203 [9] 0.016 0.04 [9] 

Char 126.4 b 0.084 [9] 1100 [9] 0.95 [9] 0.568 842 [9] 0.016 0.04 [9] 

Ash 3.79 b 0.8 [43] 880 [43] 0.95 [44] 75 2500 [43] 2.78 5.28 [43] 

Note : 
a Means quantify was calculated based on the solid yield. 
b Means quantity was measured in the experiment. 

Fig. 3. Set-up of the simulations with the indicated criteria for the charring front. 

The simulation domain is one dimensional. 
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onditions at the front surface and back surface are represented

y Eqs. (13) and ( 14 ), respectively. 
 

 

 

 

 

−k̄ ∂T 
∂z 

∣∣
z=0 

= ε̄ ̇ q 
′′ 
e − h c ( T 0 − T ∞ 

) − ε̄ σ
(
T 4 0 − T 4 ∞ 

)
−φ̄ρg D 

∂ Y j 
∂z 

∣∣∣
z=0 

= h m,z=0 

(
Y ∞ 

j 
− Y j 

∣∣
z=0 

)
P 0 = P ∞ 

(13) 

 

 

 

 

 

−k̄ ∂T 
∂z 

∣∣
z= L = h c ( T 0 − T ∞ 

) − ε̄ σ
(
T 4 0 − T 4 ∞ 

)
−φ̄ρg D 

∂ Y j 
∂z 

∣∣∣
z= L 

= h m,z= L 
(
Y ∞ 

j 
− Y j 

∣∣
z=0& L 

)
P 0 = P ∞ 

(14) 

Treating the boundaries as vertical plates with a laminar

ow [45] , we estimated the average heat transfer coefficient

 c = 12 . 5 W 

m 

2 −K 
over the temperature range of 500 to 1100 K for

 = 0 and h c = 8 W 

m 

2 −K 
at 350 K for z = L . The latter temperature

as choosen as the temperature rise at z = L was estimated to

e 50 K [42] . The emissivity of the wood was estimated as 0.7

y the authors of the experiment [42] , while the emissivity of

har and ash was estimated to be 0.95 [43] . From the heat-mass

ransfer analogy [12] , we estimated h m 0 ≈ h c 
c g 

= 12 . 5 g 

m 

2 −s 
and

 

g 

m 

2 −s 
with c g = 10 0 0 J 

kg −K 
. No in-depth radiation was considered

s it is negligible for wood [46] . All simulations for all cases were

onducted with a cell size �x = 0 . 1 mm and �t = 0 . 01 s based on

revious findings [47] . The thermocouples were assumed to move

ith the wood (constant relative position) when simulating the

xperiments in [42] and assumed stationary when simulating the

xperiments in [48] due to their different experimental set-up. 

Notably, the boundary conditions in Section 5 are slightly

ifferent than above. In Section 5 , there is no reradiation at the

ack surface and h c = 12 W 

m 

2 −K 
, as estimated in [49] . 

.3. Drying sub-model 

Water can be present in wood in two forms: free and bonded

ater. Free water is water in liquid form within the pores of wood,

hile bounded water are water molecules chemically connected
ith wood. The herein developed representation is intended

o simulate timber in the build environment, where moisture

ontents are below the fibre saturation point [3] . Only water in

ounded form is present. The evaporation of this water can be

epresented by a chemical reaction under the assumption that the

reakage of the water-wood bound is the rate limiting step [27] .

et us assume the following chemical reaction ( Eq. 15 ). 

wet wood → ν wood + ( 1 − ν) H 2 O ( g ) (15) 

here ν = 1 − ρw 
ρww 

. The subscripts w and ww stand for wood and

et wood respectively. The heat of vaporisation and the kinetic

arameters were taken from [27] with the rate equation being

escribed in Eq. (1) . The properties of wet wood are calculated

ased on the properties of wood and water. We assumed that the

ddition of moisture to wood means that water replaces air within

he porous. The density and heat capacity are calculated based on

he mass fractions in Eq. 16 to Eq. 18 . 

ρww 

= ( 1 + MC ) ρw 

(16) 

c ww 

= (1 − Y H 2 O ) c w 

+ Y H 2 O c H 2 O (17) 

ith 

Y H 2 O = 

MC 
1+ MC 

(18) 

here MC is the moisture content on the dry basis. 

The thermal conductivity and porosity of wood are then ad-

usted based on the volume fraction of water. The volume fraction

s calculated as follows ( Eq. 19 ): 

X H 2 O = 

MC ρw 

10 0 0 kg 

m 3 
(19) 

he porosity of wet wood is then defined in Eq. 20 . 

φww 

= φw 

− φH 2 O (20) 

nd the thermal conductivity of wet wood is defined in Eq. 21 . 

k ww 

= k w 

+ X H 2 O ( k H 2 O − k air ) (21) 

he permeability, radiative conductivity, pore diameter, and emis-

ivity of wet wood are assumed to be same as dry wood. All

roperties of water and air are taken at standard conditions. 

.4. Benchmarking to other models 

In order to evaluate the performance of the above model we

ompared it to three other pyrolysis models by Bellan [9] , Atreya

10] , and Lautenberger [12] . As shown in Fig. 4 all these models

re related and can be derived from each other via a series of

ssumptions. This analysis follows the analysis of Bal and Rein

34] , who showed that most pyrolysis models of non-charring

olymers only differ by a small number of assumptions and that

y comparing models of different complexity one can arrive at

he appropriate complexity [34 , 50] . We, therefore, benchmarked

ur RR model against pyrolysis model of different complexity to

ssess the appropriateness of the level of complexity of the RR

odel. We implemented the pyrolysis model by Lautenberger as in
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Fig. 4. Taxonomy of reducing or extending the complexity of the RR Model ( 1 ) through a series of assumptions to the pyrolysis model of Lautenberger (orange,2) [12] , Atreya 

(green,3) [10] , and Bellan (grey,4) [9] . Group 1 are assumption about chemical phenomena while Group 2 are assumptions about physical phenomena. 
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[12] . The pyrolysis model by Bellan was implemented as outlined

in [24] . The pyrolysis model by Atreya consists of a one–step

pyrolysis reaction coupled with the conduction equation, which

we implemented as in [10] . In the latter study, the authors did

not report some key parameters for Gpyro—porosity, emissivity,

pore diameter, permeability—and we subsequently took these

parameters from [11] . 

2.5. Sensitivity study 

The sensitivity of the RR model to each input parameter was

tested by a one-at-the-time sensitivity study were one parameter

is varied while all other parameters are kept constant at their

base values. The base value of each parameter was the same

value as described in Sections 2.1 –2.3 . Only the values of porosity

and emissivity were set to 0.5. This modification was necessary

to vary the values from −75% to + 75% in 25% intervals. From

these 7 simulations ( −75%, −50%, −25%,default, + 25%, + 50%, + 75%)

we calculated the sensitivity coefficient as follows [51] : 

s j = 

log 
(
δb 

c 

)
− log ( δm 

c ) 

log 
(
x b 

)
− log ( x m ) 

(21)

Where s is the sensitivity coefficient, δc is the char depth (300 °C
isotherm) after 10 min, and x is the parameter of interest. The sub-

scripts b and m stand for base and modified respectively. For each

parameter of interest, we obtained seven sensitivity coefficients,

which were then averaged and are reported as one hereinafter. 

3. Results 

3.1. Comparison of RR Model with experiments 

All predictions shown in the following section are blind predic-

tions, as the experiments were not part of the model development

process. We first discuss the predictions of the golden standard

experiments in the literature [42] . Afterwards, we investigated

separately the influence of moisture content, heat flux, oxygen

concentration, and grain direction. 

The RR model predicts the temperature profiles in wood under

different conditions well and with higher accuracy than other py-

rolysis models in the literature. Figure 5 compares the experimen-
al and predicted temperature profiles of white spruce at 1, 5, and

0 min at oxygen concentrations between 0 and 21%. Most pyrol-

sis models (RR, Atreya, and Lautenberger) perform reasonably in

nert atmosphere ( Fig. 5 row one), except the one by Bellan with

n error of 30%. As the oxygen concentration increases the error in

he Bellan and Atreya model increase to 32 and 42%, making them

nsuitable. The RR Model outperforms both of these with an er-

or of 19% in inert atmosphere and 16% in air. Both of these errors

ranslate to an average temperature error of 38 K, which is close to

he reported experimental uncertainty of these measurements (24–

2 K) [49] and the uncertainty of RR model at the 10 min mark

36 K). This means that the discrepancies between predictions and

xperiments stems from the uncertainty in the material properties.

nly the Lautenberger model performs better with an average er-

or of 9% in inert atmosphere and 11% in air. The Lautenberger

odel, however, was calibrated to these experiments. It presents

he best case. The predictions of temperatures and charring rates

y the RR Model at different heat fluxes are equally good to those

t 40 kW/m 

2 (see Figs. S1–S3). Based on these results, we judged

he temperature predictions of the RR Model to be an improve-

ent over other pyrolysis models in blind predictions with any

iscrepancies caused by the uncertainty in the material properties.

The RR Model performs equally well in predicting the mass

oss rate as in predicting the temperature distribution. Figure 6

ompares the experimental and predicted peak mass loss rate and

ime to peak mass loss rate under different oxygen concentrations

t 40 kW/m 

2 . The RR Model performs only reasonable in pre-

icting the peak mass loss rate and time to peak mass loss rate

ith deviation of up to 3.5 g/m 

2 -s and 45 s but performs well on

verage with an error of 9% in inert and 17% in air atmosphere.

n fact, the RR Model outperforms the optimised Lautenberger

odel whose error is 13% in inert and 19% in air atmosphere as

ell as the model of Bellan and Atreya which have errors of 25–

5%. Furthermore, it predicts the experiments on average within

heir experimental uncertainty (16.1% [49] ). Hence, we judge the

redictions of the mass loss rate by the RR Model as very good. 

The drying sub-model was validated with the experiments

rom [52 , 42] , which are both reproduced well as shown in Figs.

4 and S5. For example, the RR Model predicts well the in-depth

emperatures of spruce at 30% moisture content (Fig. S5). The

harring rates of spruce found by Mikkola [52] at 0, 10 and 20%
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Fig. 5. Comparison between predicted and experimental temperature [54] distributions in white spruce under different oxygen concentrations at 40 kW/m 

2 . The shaded 

region represents the uncertainty in the predictions based on an ensemble of simulations with different material properties. 

Fig. 6. Comparison between the experimental [54] and prediction peak mass loss rate and time to peak mass loss rate for each of the four pyrolysis models. The experimental 

errors were estimated from [49] , while the uncertainty of the RR Model was calculated by propagating the uncertainty of each material property through the model using 

Monte-Carlo. MLR stands for mass loss rate. 
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oisture content (1.06, 0.8, 0.6 mm/min) compare favourably

ith the predictions of the RR Model after 12.5 min (0.9, 0.79,

.68 mm/min). The unoptimised RR Model predicts Mikkola’s ex-

eriments within 10%, which is slightly better than the predictions

y the optimised Lautenberger model (11%), as shown in Fig. S4.

s the trend of both RR and Lautenberger model are qualitatively

nd nearly quantitatively the same, we judge them to perform

qually well in extrapolation to these data. 

The RR and Lautenberger model were validated with the

xperiments from [42] , where wood was heated parallel to the

rain. In construction, however, wood is more likely to be heated

erpendicular to the grain. Reszka [49] conducted cone calorime-

er experiments of pine being heated perpendicular to the grain

nd his data were chosen as a test case. Figure S6 shows the

omparison between the predicted and experimental temperatures

nd mass loss rates. Both models reproduce the trend in the tem-

eratures and mass loss rate. The RR Model has a lower error than

he Lautenberger model with an average error in the temperatures
f 23 K compared to 24 K, an average error in the mass loss rates

f 0.8 g/m 

2 -s to 1.1 g/m 

2 -s, and an average difference in the peak

ass loss rate of 3.8–7.5 g/m 

2 -s. Furthermore, the percentage

rror in the temperatures in the RR Model (18%) is close to the

rror obtained for the experiments [42] earlier (16%). Hence, we

oncluded that the RR model performs equally well in parallel

nd perpendicular heating. In comparison, the performance of

he Lautenberger model reduces in blind predictions. This finding

upports the hypothesis that an unoptimised pyrolysis model

utperforms an optimised pyrolysis model in extrapolation, as

lready hypothesis and studied elsewhere [28 , 29 , 53] . 

.2. Sensitivity study of the boundary conditions and material 

roperties 

We tested the influence of physical processes on charring by a

ensitivity study, where we computed the logarithm sensitivity co-

fficient of each physical input parameter. A sensitivity coefficient
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Fig. 7. Sensitivity of all material properties in the RR model divided into parameters 

who affect the boundary and initial conditions, the heat diffusion, and the mass 

diffusion. Each columns is for one heat flux and the colours of the parameters is 

consistent across the columns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Sensitivity coefficient of all chemical kinetic parameters. Each row repre- 

sents one heat flux with the y -axis being labelled by the number of the reaction 

and x -axis with the logarithmic sensitivity coefficient. The colours for each reaction 

are the same in all plots. 
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( Eq. (21) ) is a measure of the local sensitivity of the output to an

input parameter. 

Fig. 7 shows the obtained sensitivity coefficient divided into

three groups and ordered from most sensitive with a positive cor-

relation to most sensitivity with a negative correlation. The three

groups are ranked in order of importance: boundary condition,

heat transfer parameters, and mass transfer parameters. Their

order is independent of the heat flux. However, the importance of

each individual parameter changes with heat flux. For example, at

25 kW/m 

2 the char depth (predicted output) is most sensitive to

the heat flux with a sensitivity coefficient of 8.6. This coefficient

however reduces to 1.35 at 69 kW/m 

2 . On the other hand, the

coefficient of conductivity of wood increases from −2.8 to −2.1.

That means that both parameters reduce in magnitude, but the

conductivity reduces slower in magnitude meaning that the char

depth is most sensitive to the conductivity at high heat fluxes. This

result is reasonable, as when the heat flux is very low (25 kW/m 

2 )

a small change in the heat flux can determine whether charring

begins or not. At high heat fluxes, the surface temperature will

rises rapidly and charring will always take place. The energy sup-

plied to the char front is then controlled by heat diffusion rather

than the total supplied heat to the surface. In summary, the char

depth is most sensitive to the parameters that control the heat

supply ( ̇ q ′′ , [ O 2 ]), heat losses ( h f ), and heat diffusion ( k w 

, ρw 

, c w 

,

c c ), which is expected. Quantifying the boundary conditions (heat

supply & loss) is therefore essential to compare experimental and
omputational work, as small errors in the boundary conditions

ave large effects on the predictions. 

The parameters controlling the mass transfer were found

o have a small effect on the charring rate ( Fig. 7 ). This small

nfluence likely stems from the short timespan (~10 min) and

mall sample size of the experiments, which results in most of the

xidation occurring close to the surface. At the surface access to

xygen is always fast. In addition, the charring is aided here by a

trong heat flux which controls the speed of charring. These two

actors (short timespan and strong external heat aid) result in a

ow influence of mass transfer. 

.3. Sensitivity study of the chemical kinetic parameters 

Pyrolysis is an interplay of heat transfer and chemistry, and

e previously predicted that both are important [35] . Our analysis

ere supports this statement with the largest sensitivity coeffi-

ient for heat transfer ( c c : 3.36) being smaller than the largest

ensitivity coefficient for chemistry ( E 8 : 3.88). We will discuss this

uestion further in Section 5 and only investigate the sensitivity

f char depth to different chemical processes through a sensitivity

tudy in this section. 

Figure 8 shows the sensitivity coefficient of each kinetic param-

ter for each reaction. Regardless of the heat flux, the predicted

har depth is most sensitive to the activation energy of various
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eactions. The dominating reactions, however, vary with heat flux.

or example, at 25 kW/m 

2 reaction 4,5,6, and 8 are dominating

hile at 69 kW/m 

2 reaction 1,2,3,and 8 are dominating—see

ig. 2 for labelling of reactions. Only reaction 7 seem to have no

nfluence under all conditions, while reaction 8 dominates under

ll conditions. The latter fact is plausible as reaction 8 is the char

xidation, which controls the additional supply of heat to the char-

ing front from the oxidation of char—one of the key parameters.

t is expected to significantly control the char depth in reactive

tmosphere. The former result (that reaction 7 is negligible) is

ore surprising as reaction 7 is the degradation of lignin. Closer

nspection of the reaction profiles (Fig. S7) reveals that after 10

inutes only small amounts of lignin have been converted to char.

n this sensitivity study we only considered the char depth after

0 minutes, but one can expect that larger amounts of lignin will

egrade over longer durations (60–90 min) which are expected

n a fire. Eliminating reaction 7 would lead to an inaccurate pre-

iction of the char yield in a fire, which would lead to inaccurate

eat transfer through the char and inaccurate heat release from

har oxidation. Both processes combined will lead to inaccurate

redictions of the pyrolysis behaviour of timber. We can therefore

udge that reaction 7 is important to be considered despite its low

ensitivity coefficient. Overall, that means that all reactions in the

hemical kinetic sub-model derived at the microscale are impor-

ant at the mesoscale. The scaling of kinetics from the microscale

o the mesoscale therefore seems an appropriate approach. We

elieve that this conclusion only holds for kinetic sub-models val-

dated with a large number of experiments of different apparatus,

eating conditions (isothermal vs. non-isothermal), and species. 

The influence of heat of pyrolysis and oxidation is very small

t low heat fluxes and becomes insignificant at high heat fluxes as

hown in Fig. 8 . This result is plausible because in our experimen-

al set-up the char front is driven by the external heat flux as the

eat flux increases. This makes the heat of pyrolysis and oxidation

f secondary importance at low heat fluxes and unimportant

t high heat flux here. Hence, we can judge our selected heat

f pyrolysis and oxidation as acceptable, as our predictions are

nsensitive to them. A limitation of this analysis is that under

ifferent conditions (e.g. transient heat fluxes) or experimental

et-ups the sensitivity of these parameters may change. 

. Discussion 

The significance of chemical processes in pyrolysis in fire sci-

nce is highly debated with three theories. The first theory hypoth-

sised that the significance of chemistry is a function of the char

epth (Atreya’s theory), the second theory hypothesised that the

ignificance of chemistry is a function of the heat flux (Suuberg’s

heory), and the third theory hypothesised that the significance of

hemistry is negligible and occurs at a set temperature (de Ris’s

heory). Atreya [27] used an analytical expression coupled with the

amköhler number—the ratio of heat transfer timescale to chem-

stry timescale—to deduce that both chemistry and heat transfer

ontrol charring, with heat transfer only dominating once a thick

har layer has formed. This argument infers that the significance of

hemistry is a function of the char depth. On the other hand, Su-

berg and Milosavljevict [55] conducted experiments on cellulose

locks in nitrogen under different heat fluxes. Using their tempera-

ure measurements and visual observations they saw that charring

rogresses as a thin front once the heat flux exceeds 40 kW/m 

2 .

rom these results, they concluded that at low heat fluxes chem-

stry significantly influence pyrolysis, while at high heat fluxes only

eat transfer controls pyrolysis. Their finding is supported by [28] ,

ho found that the sensitivity of their pyrolysis model to chemical

arameters reduces as the heat flux increases. These arguments in-

er that the significance of chemistry is a function of the heat flux.
owever, de Ris and others [34 , 56–58] have found experimental

nd numerical evidence that for non-charring polymers the chem-

cal decomposition can be assumed to occur at a set temperature

the pyrolysis temperature) at least under direct contact with a

ame. This assumption has be applied to wood with some success

21] , and is currently used in building codes [59] . This argument

mplicitly infers that the significance of charring is negligible, as a

yrolysis temperature implies a heat transfer controlled process. 

Park, Atreya, and Baum [10] partly resolved the debated be-

ween Atreya’s and de Ris’s theory by showing that an appropriate

hoice of a pyrolysis temperature yields the same results as

ccounting for the chemistry. The pyrolysis temperature however

aries with material, geometry, and heating condition. They there-

ore unified two theories, but not all three. This remaining divide

eans that the validity of Atreya’s and Suuberg’s theory at all is

uestioned, despite Atreya’s unification of his and de Ris theory. 

We investigated this divide with the RR Model following the

ork of Atreya [27] . Let us use the Damköhler number (Da) which

s the ratio of the heat transfer timescale to the chemical timescale.

f Da is larger than one the process is controlled by heat transfer.

f Da is smaller than one the process is controlled by chemistry.

o assume that one process solely controls pyrolysis Da needs to

e either very small (less than 0.1) or very large (more than 10).

et us now define the Damköhler number as in Eq. (22) . 

a ( t ) = 

τHT ( t ) 

τchem 

( t ) 
= 

δ2 
c ( t ) 

ᾱ( t ) τchem 

( t ) 
(22) 

here the thermal diffusivity ( ̄α) was averaged over the char

hickness ( δc ). The chemical time was calculated following Atreya

27] using the thickness of the pyrolysis zone and mass loss rate

s shown in Eq. 23 . 

chem 

( t ) = 

0 . 5 ( ρw 

− ρc ) δp ( t ) 

˙ m 

′′ ( t ) 
(23) 

here δp is the thickness of the pyrolysis zone and ˙ m 

′′ (t) is the

nstantaneous mass loss rate. All previous studies were unable to

ompute the thickness of the pyrolysis zone δp . Instead they either

ssumed that the chemical timescale is a constant by say that

chem 

= 1 /η( T = T p ) with an assumed pyrolysis temperature ( T p )

35] or did not further investigate [27] . Let us define the pyrolysis

one here as follows in Eq. 24 . 

p = z ( 	 = 0 . 95 ) − z ( 	 = 0 . 05 ) (24) 

ith 	 defined as follows in Eq. 25 . 

( z ) = 

ρ( z ) − ρc 

ρw 

− ρc 
(25) 

or consistency in this framework we defined the char thickness

s in Eq. 26 , instead of the 300 °C isotherm. 

c = z ( 	 = 0 . 95 ) − δp 

2 

(26) 

Using, Eqs. (22) –( 26 ), we can compute the Da and δp as a func-

ion of both char depth and heat flux. Our analysis reveals that Da

s a function of both char depth and heat flux. Figure 9 (a) shows

hat Da follows the same trend at each heat flux as the char thick-

ess increases. For the first few mm, it remains at a low value,

fter which it rapidly rises to a peak followed by a slow decay. The

egion prior to the peak reflects the dependence of Da on δ2 
c as

redicted by the analytical expression [27] , however the analytical

ormulation was unable to forecast the decay of the Da following

he peak. This decay stems from the reduction in ˙ m 

′′ as the char

epth increases and δp approaches a constant value ( Fig. 9 ). 

A nuance in evaluation Da is that it does not start at a char

epth of zero, as was previously found in [35] . At a char depth of

ero the temperatures are too low for pyrolysis to take place ( δp =
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Fig. 9. (a) Predicted Damköhler number against char depth at different heat fluxes. The computational set-up was the same as in Section 2 under different constant 

irradiations (10–100 in 10 kW/m 

2 steps) in nitrogen. The sample size was increased to 250 mm. (b) Calculated pyrolysis zone as a function time at three different heat 

fluxes. The pyrolysis zone was defined as the 5–95% mass conversion zone. 
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0 ) and an analysis with Da is not valid. Only once charring starts

( δc and δp > 0) the analysis is valid, and we can get a Da value. 

The exact value of Da depends on the heat flux. At low heat

fluxes (roughly < 50 kW/m 

2 ) Da is always below one, meaning

that at low heat fluxes chemistry plays a significant role. At very

low heat fluxes (roughly < 20 kW/m 

2 ) the Da is always below

0.1, meaning chemistry exclusively controls this region. These

heat fluxes are of low interest for timber buildings. At the most

relevant heat fluxes, 20 to 100 kW/m 

2, pyrolysis depends on

both chemical and physical processes with heat transfer taking

over at around 50 kW/m 

2 . In fact, we can hypothesis that in a

fire ( ̇ q 
′′ 

< 250 kW / m 

2 ) both chemical and physical processes are

important as the Da peaks at about 3 at 100 kW/m 

2 . The here

found value (50 kW/m 

2 ) for the switch between heat transfer and

chemistry agrees well with that of Suuberg (40 kW/m 

2 ). 

This analysis therefore reveals that both Suuberg’s and Atreya’s

theories are correct and not mutually exclusive. The analytical

expression revealed the evolution of Da up to a peak, but the

inherent assumption of a constant chemical timescale was found

incorrect. Instead, the chemical timescale depends on the heat

fluxes resulting in different Da at different heat fluxes. In sum-

mary, the analysis unified Atreya’s and Suuberg’s theories which

means that with Park, Baum, and Atreya’s study [10] , all three

theories (Atreya, Suuberg, and de Ris) are unified. 

5. Conclusions 

We developed a multiscale model of wood pyrolysis to in-

vestigate the influence of different environmental, physical, and

chemical processes on wood burning. By studying it across scales,

the developed model (RR model) reproduces in blind predictions

in-depth temperatures and mass loss rates over a range of differ-

ent heat fluxes, moisture contents, and oxygen concentrations in

heating conditions both parallel and perpendicular to the grain.

The difference between the RR model and the experiments is

smaller than the difference between the experiments and other

pyrolysis models not calibrated to the experiments. 

A comparison between the discrepancy between predictions

and experiments, experimental errors, and uncertainty in the pre-

dictions showed that discrepancies are caused by the uncertainty

in the material properties. A sensitivity studied revealed that

the most significant parameters are the boundary conditions, the

kinetic parameters of char oxidation, and the thermal diffusivity

of wood and char. These parameters should be the focus of future

studies. The sensitivity study did, however, not unify the three

theories (Atreya [27] , Suuberg [55] , and de Ris [56] ) debating the

significance of pyrolysis chemistry. Combining the RR model with

the Damköhler number analysis enables unification of the three
heories from which we concluded that chemistry is significant

t low heat fluxes, when the char layer is thin, and can be repre-

ented by a pyrolysis temperature over a limited set of conditions.

n other words, both chemistry and heat transfer are important

nder fire conditions. Modellersshould employ kinetic and heat

ransfer codes of comparable complexity to represented pyrolysis

f natural polymers at the macroscale. 
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