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EFFECT OF CHAR BURNING MECHANISM ON WOOD COMBUSTION

Islam Gomaa and Nour Elsagan

National Research Council of Canada, Ottawa, Canada

ABSTRACT

This work discusses the effect of char burning mechanism on overall wood heat release rate (HRR).
Five different kinetic models for char combustion were used in numerical simulation of a cone
calorimeter experiment. Results of heat release rate per unit area (HRRPUA) from the simulations
were compared against the experimental results. The investigated models were variations of
oxidation and gasification mechanisms. Oxidation mechanisms overestimated the char consumption
and the overall HRR. The gasification mechanism under estimated the char consumption and the
overall HRR from the wood sample. The best performance was obtained from a combined
oxidation-gasification model. The model assumes parallel partial oxidation by oxygen and
gasification by carbon dioxide forming carbon monoxide in the gas phase.

1 INTRODUCTION

Wood is a common fuel in compartment fires and is the primary fuel in wood based constructions.
A validated wood combustion model would be valuable in simulating fire incidents involving wood
as a fuel. Under fire conditions, wood undergoes pyrolysis then char combustion. This work
investigates different char combustion models and their effect on overall HRR of wood. The
evaluation was based on comparing the HRRPUA from a cone calorimeter experiment with a
simulated cone calorimeter test. In the simulations, the wood pyrolysis model was kept the same
while changing the char combustion model only. The software used for the simulations is the Fire
Dynamic Simulator (FDS) [1]. FDS is a computational fluid dynamics (CFD) model of fire-driven
fluid flow. The software uses Large eddy Simulations (LES) for modelling turbulent flow. FDS is
developed by the National Institute of Standards and Technology (NIST) and VTT Technical
Research Center of Finland [2].

Shown in the following subsections are the operating conditions for the cone calorimeter
experiment and numerical simulations parameters

1.1. Experimental conditions for the cone calorimeter

. Heater temperature: ~760°C (incident heat flux ~ 50 kw/m?)
. Sample surface dimensions: 10 X 10 cm

. Wood type: SPF #2

. Approximate density; 430 kg/m?®

. Moisture content: ~ 10%

. Backing: ~20 mm insulation and 3 mm steel plate

1.2. Numerical simulations parameters

. Domain dimensions: 0.4 mx0.4mx 0.4 m
. Cell size: 0.01 m x 0.01 m x 0.01 m

. Number of meshes: 16

. Heater temperature: 760°C

. Density: 430 kg/m?®
. Auto ignition temperature: 250°C [3]
. Moisture content: 10%
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Figures 1-a,b and c show photos of the cone experimental setup, the numerical model and a
snapshot of the temperature profile from the simulations; respectively.

Heater

Fig. 1. Cone calorimeter a) experimental set and b) numerical modeling domain c) temperature distribution

1.3. HRR from the cone calorimeter experiment

The experimental HRR is presented together with the simulation results in the results and
discussion section. The material used was an SPF wood sample. Experimental results show two
distinct peaks of HRR; one peak at the beginning of the test and another peak around 2500~2800
seconds. There is a semi flat behaviour of HRR between these peaks followed by another semi flat
section after the second peak. The second flat portion might be attributed to drift behaviour
emanating from the gas analyzer in the cone. ldeally a gradual decay to zero HRR was expected
when combustion has ceased.

2 GLOBAL WOOD REACTION MECHANISM

Error! Reference source not found. shows the global wood reaction mechanism that is used in the
numerical simulations. The model was adopted from TGA experiments conducted by Bilbao et al.
[4], [5]. In this model, wood consists of cellulose, hemicellulose and lignin. Each component
undergoes thermal decomposition to generate volatile matter and char according to different
kinetics. Then volatiles burn via a mixing controlled step to form combustion products. Char
undergoes subsequent conversion to combustible gases or combustion products depending on the
char burning mechanism. The effect of moisture was considered by including a mass percentage of
moisture in the wood that evaporates at 100°C.

[ i Ky + Air
Hemicellulose —— \/olatiles >
Cellulose __, (Fast) Combustion
Combustible products
W°°d< Lignin _, - Kopor s + Air
(Fast)
\ Moisture . Water vapor

Fig. 2. Wood combustion model

Shown below are the stoichiometric coefficients and heat of reaction for each reaction step.
Tables 1 and 2 present the kinetic parameters for each reaction and thermodynamic properties for
each material; respectively.

Hemicellulose =» 0.8 Volatiles + 0.2 Char, AH = 450 kJ/kg, ki = An EXP[-ER/RT] 1)
Cellulose = 0.8 Volatiles + 0.2 Char, AH = 450 kJ/kg, kc = Ac EXP[-Ec/RT] (2)
Lignin =» 0.8 Volatiles + 0.2 Char, AH =450 kJ/kg, k. = AL EXP[-EL/RT] (3)
Moisture =» Water vapor, Reference temperature = 100°C 4

Volatiles + 6.37(Air) = 7.37(Combustion Products), AH = -19313 kJ/kg (5)
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Char =» Combustible gases, AH & Kcnar are mechanism dependant (6)
Combustible gas + (Air) = Combustion Products, AH = mechanism dependant (7)
Table 1. Kinetic parameters table
Material Reaction rate A (1/s) E (kJ/kmole) Ns () Notes
Hemicellulose Kn 9.83 4.27E4 1 [5]
Cellulose ke 3.02E7 1.13E5 1 [4]
Lignin ke 6.28E5 1.12E5 1 [4]
Char Kehar Model Model dependant ~ Model
dependant dependant
Moisture NA NA NA NA evaporate @ 100°C
Volatiles NA Infinity NA NA Mixing controlled
Combustible gas NA Infinity NA NA Mixing controlled
Table 2. Thermodynamic properties [6]

. L Specific heat Absorption Emissivity Density
Material Conductivity (W/m.K) (kJ/kg.K) Coefficient (1/m) ) (kg/m?)
Wood (all “three ) 155 1 /pg3)067 1.68(T/293)0649 1000 0.76 380
components)

0.304
Char 0.089(1/293) * 1.445(T/293)0266 7000 0.973 76

(2.9E-3)5(T)?

Where T is temperature in Kelvins and o is Stefan-Boltzmann constant (5.67E-8 W/m?-K*)

3 CHARREACTION MECHNAISMS

Five reaction mechanisms for char combustion have been considered to model char consumption.
The simulated HRRPUA from each mechanism was compared against the HRRPUA from a cone
calorimeter experiment. The five mechanisms are:

No char combustion

Single step char combustion

Two-step char combustion

Char gasification

Combined oxidation-gasification model

The following subsections discuss each mechanism tested in the simulations and the results are
further shown in section 4.

3.1. No char combustion

First, char combustion was neglected in the simulations. The reaction rate of char combustion is
relatively slow compared to pyrolysis reactions of wood components (i.e lignin, cellulose and
hemicellulose). Accordingly, in a fire incident, the contribution of char combustion to the HRR was
expected to be much less than that of wood components. In this simulation char layer keeps
growing and never gets consumed.

3.2. Single-step char combustion

The first and simplest model to be considered as a char combustion mechanism is a single-step
oxidation by oxygen producing carbon dioxide (Eq. (8)).
Char (~Carbon) + Oz =» char combustion products (~CO3) (8)

Ideally, if char is purely made out of elemental carbon and CO: is the only product, the heat of
reaction should be AH=-393.5 kJ/mole or ~32.8 MJ/kgcaron. However, char produced from wood
pyrolysis has some ash content and its chemical composition might contain trace amounts of
hydrogen, oxygen and nitrogen. Also, char combustion, in a fire scenario, might not be 100%
complete (i.e. trace amount of carbon monoxide might exist in the combustion products). So, a
value of 25 MJ/kgchar Was used as a total heat of combustion of char in this study.
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In this model, the total heat of combustion is generated within the char (i.e. within the solid phase).
This results in exponential acceleration of the reaction rate of char combustion. This is because
reaction rates in the Arrhenius expression are exponential function in temperature.

Several values of kinetic parameters were selected from the literature to be used in the numerical
simulations. In all cases, the kinetic parameters were obtained using TGA experiments of char
reacting with air or oxygen. The kinetic parameters from each reference are shown in Table 3.

Table 3. Kinetic parameters from each reference

rate # A E Ns No2 Reference
1 2.38E8 1.25E5 0.49 0.53 [7]
2 9.02E13 1.926E5 1.51 191 [6]
3 5.67E9 1.6E5 1 0.78 [8]
4 1.4E11 1.826E5 0.9 - [9]
5 4.85E14 2.286E5 1.16 - [9]

3.3. Two-steps char combustion

A possible mechanism for char combustion is the two-steps char oxidation mechanism; the first step
is partial oxidation of char/carbon to form carbon monoxide (CO) that diffuses outside the char
layer and into the gas phase. The second step is CO combustion to CO..

The mechanism for the two-step model can be expressed using the following reactions:

Char (~C) + %2 O, =» partial combustion products (~CO) 9)
Partial combustion products (~CO) + % O, =» complete combustion products (~CO2) (10)

Ideally, if char is purely made out of carbon and CO: is the only end product, heat of reactions for
Eg. 9 and 10 should be AH=-110.5 kJ/mole or ~-9.21 MJ/kgcarbon and AH= -283 kJ/mole or ~ 23.58
MJ/Kgcarbon respectively. Realistically, the ideal heat of reactions for Eq. 9 and 10 were scaled down
by the realistic total heat of combustion of char (i.e. multiplied by 25/32.8) to account for ash
content and incomplete combustion of char to CO.

The kinetic parameters of this mechanism are the same as the single step mechanism. However, the
major difference is the portion of the overall char heat of combustion that occurs within the solid
phase versus the portion that occurs in the gas phase. Although, the total heat of combustion form
both mechanisms are equal and the kinetic parameters for the solid phase pyrolysis are the same, the
rate of char consumption and overall rate of wood combustion are slower (see subsections 4.2 and
4.3). In this mechanism only 28% of the total heat of combustion occurs in the solid phase. To put
this into perspective, the following governing equations are considered [2];

aTS a aTS 17! 17! I <17’
PsCs 3t = o (ks a) +qs (ll), where ds = 4sc sy (12)

Equation 11 is the solid phase conduction heat transfer equation. Where Ts is the solid phase
temperature, X is the depth, ks is the thermal conductivity, cs is specific heat and ¢’ is a heat source
term in the solid phase consisting of heat from chemical reactions and radiation heat transfer.

Where, ¢q¢ is the heat production/loss rate per unit volume as a result of the solid phase reaction(s)

The chemical source term gy is expressed as follows:

<11y Nm oNr,

CIS,C(-X) = —,05(0) Za:l 2[;:0{ ra[)’(x)Hr,aﬁ (13)
Where Hy s is the heat of reaction and “rag” is the reaction rate. a is an index for material
components. A is an index for the number of reaction. The reaction rate expression within the solid
phase would be:

sa \"'saB Eq a
rap = (25) " Augerp (558 [Xo, 0] 25 (19
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Where, ng 4 is the solid phase reaction order, A and E are Arrhenius kinetic parameters, X, (x) is
the oxygen volume fraction at depth (x) and No, . is the reaction order with respect to oxygen
volume fraction within the solid phase.

Looking at the governing equations 11 to 14, one can see that the reaction rate “r” depends on the
solid phase temperature “Ts” which depends on gy . which depends on “H:” and “r”: Higher “H,”
aT; . i . .
6ts (i.e. faster heating rate of the solid phase) which
results in faster reaction rate “r”. This explains the theoretical difference between the two
mechanisms.

results in higher g, which results in higher

3.3.1. Effect of diffusion depth

Oxidation of char is a heterogeneous reaction which involves the diffusion of oxygen into the solid
phase (i.e char). The concentration of oxygen within the solid phase is calculated in FDS based on
the assumption of simultaneous diffusion and consumption of oxygen so that the concentration
profile within the solid phase is in equilibrium. The volume fraction of oxygen (X,,)at any depth
(x) within the solid phase is calculated in FDS using the following equation [2]:

Xo,(0) = Xo,4 exp(}—:) (15)

Where X, 4 is the gas phase oxygen volume fraction and lg is the diffusion depth. The diffusion
depth is an input to the model. A higher value assigned for Iy means higher Xy, (x) , which
consequently increases the rate of char oxidation (See Eq. 14). In this study, four different diffusion
depths were investigated; 1, 0.1, 0.01 and zero mm.

3.4. Char gasification

Another mechanism for char consumption is gasification. In this mechanism, char is gasified by its
combustion product, carbon dioxide (COz), to form CO. CO then reacts with oxygen in the gas
phase, to form CO>. This model is usually called the two film model [10]. The first/outer film is the
CO:- film. The second/inner film is the CO film. This mechanism is well known in the field of coal
combustion. The conditions for this mechanism are fast reaction rates that results in a short
chemical time scale in comparison to the diffusion time scale. Under these conditions, oxygen
doesn’t reach the surface of char. Oxygen is consumed by carbon monoxide (CO) to form a high
concentration of carbon dioxide (CO.) film. In this model, the rate of char consumption is limited
by the rate of CO- gasification reaction. Ideally, if char is purely made out of elemental carbon, the
mechanism would be as follows:

C(s) + CO2 = 2CO AH = +172.51 kJ/mole or 14.37 MJ/KQcarbon  (16)
CO +% 02 = CO2 AH =-283 kJ/mole or -47.17 MJ/Kgcarbon @17)

The ideal heat of reactions from Eq. 16 and 17 have been scaled down by the realistic total heat of
combustion of char (i.e. multiplied by 25/32.8).

There are two main differences in this mechanism compared to the previous combustion
mechanisms. The first difference is that the solid phase reaction is endothermic. The second
difference is that the reaction rate is much slower than the combustion rate even at the same
temperatures. Given the governing equations 11 to 14, this mechanism should result in slower char
consumption and a lower HRR curve in general.

3.5. Combined oxidation-gasification model

The last model is a combined oxidation-gasification mechanism. Based on the results from the
previous models (section 4), it became clear that a better mechanism to model char combustion is to
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consider the combustion route as well as the gasification route. If the temperature of char was low
(i.e. 300 ~ 500C), the two-step oxidation mechanism would be a suitable model since reaction rate
would be slow allowing for oxygen to diffuse into the char. However, if the char temperature was
very high, gasification by CO2 would be the most probable scenario. For intermediate temperature
range both mechanisms would contribute to the char consumption. In the proposed model, char is
being consumed partially by O, and partially by CO.. It is important to note that the O, reaction is
exothermic and CO- reaction is endothermic. The reactions of this model should be as follows:

Char(~C) + CO2 = 2CO (18)

Char(~C) +% 0, = CO (19)

CO+% 02 = CO: (20)
Ideally, the governing equations of species transport (the convection-diffusion equation) and
species diffusion inside the solid phase should determine the contribution of each reaction in the
overall char consumption. However, in FDS, the profile of O2 concentration within the solid phase
is imposed by defining a gas diffusion depth parameter in the input file. Also, the resolution of the
gas phase mesh is not fine enough to resolve the gradient of Oz and CO> near the char surface which
Is important to determine the diffusion rate of Oz and CO through the gas phase towards the char
surface. Because of that, Eq. 18 and 19 were combined. The combined reaction is given in Eqg. 21.
The complementary gas phase reaction would be Eq.22.

Char (~C) + xO2 + yCO2 = zCO (21)

zCO + 1022 mCO2 (22)
The kinetic parameters and heat of reaction for Eq. 21were obtained by finding values that provides
the best possible fit for the experimental HRR curve. Kinetic parameters and the heat of reaction
were limited within the range of kinetic parameters and heat of reactions corresponding to partial
oxidation and gasification. The final kinetic parameters and heat of reactions are given in Table 4.

Table 4. Combined oxidation-gasification kinetic parameters (Best cone calorimeter HRR fit)

Reaction # A(1/s) E(kJ/Kmol) Ns No2 AH
R. 16 2E4 1.2E5 1 - +1000 kJ/Kgchar
R. 17 Mixing controlled Mixing controlled NA NA -26000 KJ/KQchar

4 RESULTS AND DISCUSSION

4.1. No char combustion

Fig. 3 3 shows experimental HRRPUA compared to simulation result. As discussed in section 3.1, it
was assumed in this simulation that char is formed and gets accumulated with no further reaction.
Generally, the figure shows lower heat release from the simulation relative to the experiment.
Moreover, the simulation was not able to capture the second heat release peak from the experiment.
This model overestimates the protective effect of char since char forms a non-reactive layer on the
wood surface. However, this is not the real behaviour observed from the experimental results.
Consequently, char oxidation models were explored in the following simulations.

4.2. Single step char combustion

First, oxidation of char to carbon dioxide in one step was conducted using the 5 rates stated in table
3. The results are presented in Fig. 4a.The figure shows that, assuming one step oxidation of char
resulted in very high heat release in a very short period. This is attributed to the fact that all the
exothermic heat of char oxidation was released within the wood sample in this model.



Fire chemistry, physics and combustion

200 -
Experiment
':E 150 - Simulation
=
=
g 100
e L‘ f \
2
g 50 1
— ‘-...“".-_h'__&*.. -
0 T T T
0 2000 4000

Time (5)

Fig. 3. Experimental and simulations results for HRRPUA. Simulations are assuming no further char reactions
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Fig. 4. Experimental and simulations results for HRRPUA. Simulations are assuming (a) single step char oxidation, (b)
two-step char oxidation; both using 5 rates

4.3. Two-step char combustion

Simulations were then performed using the same 5 rates in table 3 using the two-step char oxidation
model. Details of this model are given in section 3.3. The simulation results are compared to the
experimental HRRPUA in Fig. 4b. The HRRPUA from simulations using different reaction rates
are still much higher than the experimental one and the wood is completely consumed in shorter
time. On the other hand, the results showed lower heat release and longer duration compared to the
results of one-step oxidation mechanism presented in Fig.4a. This is due to the release of all the
heat of char combustion within the solid phase in the one-step mechanism, while only ~28% of the
heat of combustion is released in the solid phase in the two-step mechanism. This resulted in
different rates of consumption of wood components as demonstrated by Fig. 5a.

The figure shows the profiles of the density of cellulose; as a representative of wood components
versus time. Those profiles are from the simulations using 4 different mechanisms; one-step
oxidation, two-step oxidation, gasification and the combined model. It can be clearly seen that, the
rate of consumption of cellulose in case of the one-step mechanism is higher than that in case of the
two-step mechanism.
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Fig. 5. (a) Cellulose density profiles from simulations using four different mechanisms; one-step oxidation, two-step

oxidation, gasification and the combined model, (b) Experimental and simulations results for HRRPUA. Simulations

are assuming two-step oxidation of char and using the rate parameters from Takashi and Numba [8]. Four diffusion
depths are used; 1, 0.1, 0.01 and 0 mm.

4.3.1. Effect of diffusion depth

In all the simulations presented earlier; the diffusion depth applied in the model was 1 mm.
However, diffusion depth of O into the solid material (i.e char) might be another factor affecting
the rate of char consumption. Four different diffusion depths; 1, 0.1, 0.01 and zero mm were
investigated. In the four simulations, the rate from Takashi and Numba [8] was used and two-step
char oxidation was assumed. The results are shown in Fig. 5b. Decreasing the diffusion depth
decreases the rate of char consumption where less char mass is allowed to react with O,. Smaller
diffusion depth resulted in lower heat release over a longer duration. It is worth mentioning that the
results from 0 mm diffusion depth simulation (surface reaction assumption) are similar to those
neglecting the char reaction (Fig. 3).

4.4. Char gasification

Gasification of char by CO, was also tested in our simulations. The results are shown in Fig. 6. As
expected, the HRRPUA from the simulation are lower than the experimental one. This is attributed
to the fact that, the reaction is highly endothermic compared to the oxidation reactions which lowers
the pyrolysis rates of the wood components. This can be seen when comparing the density profile of
cellulose (as a representative of wood components) in case of gasification and two-step oxidation in
Fig. 5(a).

200 . 200 .
Experiment Experiment
a Simulation | & Simulation
g 150 £ 150 A
=
= =
= 100 - = 100 A
= = A
x 50 & 50 4
= Rahuatadne, - =
0 T T T 0 —. T T |
0 2000 4000 0 2000 4000
Time (s) Time (s)
(a) (b)

Fig. 6. Experimental and simulations results for HRRPUA. Simulations are (a) assuming char gasification
mechanism, (b) using the combined model
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4.5. Combined combustion-gasification model

The rates presented in table 4, for the combined combustion-gasification model, were applied in the
simulation and resulted in a good fit with the experimental data as seen in Fig. 6(b). The model
predicted the magnitudes of the initial HRR peak and the second peak around the 2200 ~ 2500
seconds mark. This confirms the hypothesis that char consumption in fire scenarios is best modeled
by considering gasification as well as partial oxidation routes. Oxidation models seem to
overestimate char consumption. While gasification model seems to under estimate the char
consumption. It is worth noting that the heat of reaction for the combined model is endothermic,
indicating that the combined model leans slightly towards the gasification route.

On the other hand, in this model, the rate of cellulose consumption is higher than that using the
gasification and less than that using the two-step oxidation model (see Fig.5)

5 CONCLUSIONS

e The effect of different mechanisms for char consumption on wood combustion was
investigated

e It was concluded that different mechanisms, diffusion depth and distribution of heat release
between solid and gas phases affect the HRR profile.

e A best fit model that represents a combination of char oxidation and gasification was
developed

e Results from the combined combustion-gasification model was compared against
experimental HRR data from a cone calorimeter experiment and predicted the trend of the
HRR curve with good accuracy.
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