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Figure 2: Specific heat, EC5 [13].
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Figure 3: Density, EC5 [13].

There are typical values for charring rate of wood between 0.5 and 1.0 mm/min. ECS [13]
for wood design suggests a charring rate of 0.64 mm/min for softwoods and 0.54 mm/min for
hardwoods. EC5 allows the use of simplified and advanced methods for the calculation of
amount of char-layer in wood material. This method is a conduction model based on thermal
properties of wood. Following EC5 [13], the design equation proposed for one direction
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char-layer determination, function of the charring rate for non-protected surfaces to normal-
ised fire conditions, is presented in eqn (1).

dchar,OzﬁOlL (1)

where d ., is the char depth in mm, f is the design charring rate for one-dimensional char-
ring on fire exposure in mm/min and ¢ is the time in min.

When the propagation of fire conditions is more than one direction, eqn (2) should be
used.

dchar,n = ﬂnt (2)

where d . is the char depth in mm, fis the design charring rate under standard fire expo-
sure in mm/min and ¢ is the time in min.

Table 1 represents design values of the charring rate for softwood, according the
EC5 [13].

White and other researchers [2, 12] proposed different analytical equations for char-
layer determination. White performed extensive measurements in different species due to
fire conditions and proposed different charring rate coefficients, dependent of physical
characteristics of wood. The analytical equations presented here solve problems due to
fire conditions. When wood materials are subjected to high temperatures, due to an anaer-
obic process, the char-layer evaluation and the charring rate are different. Following
chapters show two different methods to find the char-layer evaluation due to an anaerobic

process.

4 NUMERICAL METHOD

A finite element program Ansys was used to design and analyse the thermal behaviour of pine
wood profiles exposed to high temperatures. A finite plane element (Plane 77) and solid ele-
ment (Solid70) were used for thermal and non-linear transient analysis. The non-linearity due
to the material properties, thermal dependence is taken into account in the numerical method.
Temperature is determined at 1-h duration, using a transient and thermal analysis. Thermal
analysis is performed over specimens with 500 x 180 x 80 mm dimensions, as experimental
procedure.

4.1 Results with numerical method
Figure 4 represents the used mesh and temperature evaluation obtained with the numerical

method. An initial wood temperature equal to 16°C was considered, as measured in labora-
tory. A prescribed temperature was imposed on the surface top of wood simulating high

Table 1: Charring rate of softwood, EC5 [13].

Material B, (mm/min) f, (mm/min)
Glued laminated wood with p 2290, kg/m? 0.65 0.7
Solid wood with p =290, kg/m? 0.65 0.8

B, — design charring rate for one-dimensional charring on fire exposure;  — design notional
charring rate under standard fire exposure; p — density.
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Figure 4: Plane and solid numerical method. Temperatures field at 1 h.

temperature evaluation due to an anaerobic heating. The prescribed temperature, at wood
surface top, is function of an imposed linear heating rate following the equation:

T.=T,+——1 3)

where T, is the prescribed temperature and 7; is the initial temperature. In this equation
800°C/h represents the heating rate and ¢ is the time in seconds.

The numerical model submitted at high temperatures presents a maximum temperature
equal to 816°C, in the warm surface, at the end of 1 h. The results are equal using plane or
solid mesh. The numerical results of the temperature evolution during heat exposure, through
different measured points, are presented in Fig. 5.

In observation, at 300°C, the positions at 1 and 2 cm present a char-layer for different time
instants. During 1 h high temperature exposure the positions at 3 and 5 cm present a lowest
value of temperature and represent a normal core wood. These results are compared with the
experimental methodology using different manufactured samples. As referred by Barreira [16],
the burning behaviour of wood will affect the charring rate. The charring rate is more rapid
initially but stabilises after the formation of a few millimetres of char.

5 EXPERIMENTAL METHOD

For experimental methodology, an electro-ceramic heating system is used with a thermal
power unit of 70 kVA. A typical heating curve, eqn. 3, was used and a programmable control-
ler verifies the temperature during each experimental test. Figure 6 shows the experimental
setup used in laboratory. To ensure greater efficiency in the heating process, it is necessary to
insulate the wood samples. The insulation is a ceramic fibre material with stainless steel
mesh, as shown in Fig. 6. The test is performed for 1 h and shows the final configuration, as
presented in Fig. 6.

In the present work, 18 samples of pine wood (Pinus pinaster) (T1, T2, ... T18) were
submitted to high temperatures for one side exposure, as represented in Fig. 7. The char-
layer was measured in five different points (1, 2, 3, 5 and 25 cm) using K thermocouples
through an MGCPlus data acquisition system, from the heating exposure surface. The final
stage of each test is represented in Figs 6 and 7, after 1 h exposure at high temperature.
There are three different zones in all tested profiles: a charcoal zone, a pyrolyse zone and
an intact core wood.

Figure 6: E
i




E.M.M. Fonseca & L.M.S. Barreira, Int. J. of Safety and Security Eng., Vol. 1, No. 1 (2011) 71

1000
Temperature, °C
800 ’
700 lem
600
500 2 em
400 j
300 ’
3cm
200
. at wood 100 +--- Sem
0
3) 0 400 800 1200 1600 2000 2400 2800 3200 3600
Time, s
his equation Figure 5: Temperature—time history for different measured points.
temperature
ing plane or
. through

eira [16],

Figure 6: Experimental setup: electro-ceramic resistances, insulation, thermal unit and final
test.

s necessary to
stamnless steel
figuration, as

_.. T18) were Char Layer
> 7. The char-

: lysis Zo
sermocouples Pyrolysis Zone

ce. The final
5 temperature.
se zone and

Normal Wood

Figure 7: Experimental tests: points of measure and wood char-layer.




72 EM.M. Fonseca & L.M.S. Barreira, Int. J. of Safety and Security Eng., Vol. 1, No. 1 (2011)

5.1 Results with experimental method

Figures 8—11 represent the temperature evaluation obtained during 1 h in wood profiles at
high temperature exposure. The results were obtained through measure points to identify the
char-layer formation. The experimental results are compared with the numerical results. In
all figures the temperature—time curve is also represented.
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Figure 8: Temperature at 1 cm from top surface.
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Figure 11: Temperature at 5 cm from top surface.

After 2000 s of high temperature exposure at 1 cm position, from top surface, a wood
charcoal is obtained. At this position after 1 h, the temperature was between 700 and 800°C
for different experimental tests. The obtained temperatures are lesser than the heating unit
power curve. On the other hand, the experimental results have higher values when compared
with numerical results.
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Table 2: Temperature in different wood positions, at 1 h.

Position, cm Numerical method Experimental method
1 685 734
2 464 510
3 226 283
5 99 95
25 16 16

At the 2 cm position from top surface, wood is charcoal after 2800 s. At this measured
point after 1 h, the temperature was between 500 and 600°C. The experimental results are
higher when compared with numerical results, as in previous result.

At 3 cm from top surface, and before 1 h, temperature was still below 300°C (Fig. 10). At
this position and time, wood is non-charred.

The measured point at 5 cm had low temperature during 1 h exposure to heat, and the heat
inside wood profile decreased, as shown in Fig. 11.

The measured point at 25 cm from top surface, cross-sections remain at normal environ-
ment temperature during all time tests.

6 COMPARISON OF RESULTS
Table 2 compares the numerical and experimental results of temperatures in different char-
layer wood positions, after exposure of heat for 1 h. The experimental results presented are
the mean values of all tests realised.

The results show an agreement between the two alternative methods. In the first three posi-
tions, difference between the temperature values is greater. The difference verified can be due
to the use of thermal properties in accordance with the proposed in ECS5 [13] for fire condi-
tions. The numerical results presented are dependent on the material properties such as
thermal conductivity, density and specific heat, according to EC5 [13]. For a better compari-
son, some of these properties, namely the density and moisture content, should be directly
measured from used pine wood material. The density is not only dependent on the species but
also vary within individual tree [10]. Consequently, the moisture is also affected by the den-
sity. In the experimental results, the heat absorption by moisture has been considered, and
more heat must be conducted in the charcoal material, which means higher temperatures, as
referred by Weng [10], when studied the experimental temperature profile in lower ambient
oxygen concentration with pine material. This effect is not represented in the numerical
model. These reasons justify the difference between the first positions.

7 CONCLUSIONS AND FUTURE WORK
This work contributes with an experimental or a numerical alternative method for char-layer
thickness evaluation in wood elements under high temperatures using an anaerobic heat proc-
ess. Wood exposed to high temperatures will decompose to provide an insulating char-layer
that retards further degradation. High temperatures reduce the dimensions of wood cross-
sections in addition to the strength and stiffness of the heated zone. The thermal depth
penetration increases with increasing exposure to high temperatures and duration. In all
tested profiles there are three different zones to consider: a charcoal zone, a pyrolyse zone
and an intact core wood. Char-layer thickness and temperature distribution were calculated
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with numerical results obtained from Ansys program, and compared with experimental tests
at same conditions. In future work, the authors intend to study the experimental effect in
wood members using an oven which permits to simulate the standard fire curve. Another
future aim is to verify the fire influence in char-layer formation in parallel and normal wood
grain direction.

REFERENCES

[1] Schaffer, E.L., Charring Rate of Selected Woods Transverse to Grain. Research paper
FPL 69. Forest Products Laboratory: Madison (WI), 1967.

[2] White, R.H., Charring Rates of Different Wood Species. PhD Dissertation, Madison
University of Wisconsin, Madison (WI), 1988.

[3]1 White, R.H., Erik, V. & Nordheim, E.V., Charring rate of wood for ASTM E119 expo-
sure. Fire Technol, 28(1), pp. 5-30, 1992.

[4] Konig, J. & Walleij, L., One-dimensional charring of timber exposed to standard and
parametric fires in initially unprotected and postprotection situations. Swed Inst Wood
Technol Res, 48, 1999.

[5] Gardner, W.D. & Syme, D.R., Charring of glued-laminated beams of eight australian-
grown timber species and the effect of 13 mm gypsum plasterboard protection on their
charring. N.S.W. Technical report no. 5. Sydney, 1991.

[6] Collier, P.C.R., Charring rates of timber. Study report, Branz, New Zealand, 1992.

[7]1 Pun, C.Y., Seng, HK., Midon, M.S. & Malik, A.R., Timber design handbook. FRIM,
Malayan Forest Records no. 42, 1997.

[8] Fonseca, EM.M. & Barreira, L., Charring Rate Determination of Wood Pine Pro-
files Submitted to High Temperatures. Third International Conference on Safety and
Security Engineering, ed. M. Guarascio, C.A. Brebbia & F. Garzia, WIT Press: Italy,
pp. 449457, 2009. ISBN: 978-1-84564-193-1.

[91 Poon, L. & England, J.P., Literature Review on the Contribution of Fire Resistant
Timber Construction to Heat Release Rate — Timber Development Association,
Warrington Fire Research Aust. Pty. Ltd., Project No.20633, version 2b, pp. 1-78, 2003.

[10] Weng, W.G., Hasemi, Y. & Fan, W.C., Predicting the pyrolysis of wood considering
char oxidation under different ambient oxygen concentrations. Combustion and Flame,
145, pp. 723-729, 2006.

[11] Frangi, A., Erchinger, C. & Fontana, M., Charring model for timber frame floor assem-
blies with void cavities. Fire Safety Journal, 43, pp. 551-564, 2008.

[12] White, R.H. & Dietenberger, M.A., Fire Safety, Chapter 17, Wood Handbook: Wood
as an Engineering Material, Forest Products Laboratory, USDA Forest Service, 1999.

[13] [EN 1995-1-2] prEN 1995-1-2. Eurocode 5: Design of Timber Structures, Part 1-2:
general-structural fire design, CEN, Brussels, 2003.

(7 (Gaasoaa, sS4, Joteppe, (C. & franssen, fe7ed fire tesistance oﬁﬁ;nérs(o;ﬁ

tropical countries and comparison of experimental charring rates with various models.
Construction and Building Materials, 19, pp. 376-386, 2005.

[15] Hakkarainen, T., Mikkola, E., Ostman, B., Tsantaridis, L., Brumer, H. & Piispanen, P.,
InnoFireWood-Innovative Eco-efficient High Fire Performance Wood Products for
Demanding Applications, VTT, SP Tritek, KTH, 2005.

[16] Barreira, L. & Fonseca, E., Cdlculo da Espessura Carbonizada em estruturas de
Madeira Quando Submetidas a Accdo do Fogo, 11 Conferéncia Nacional de Métodos
Numéricos em Mecénica de Fluidos e Termodindmica’08, Proceedings, Aveiro, 2008.



A AT 41 070

76 E.M.M. Fonseca & L.M.S. Barreira, Int. J. of Safety and Security Eng., Vol. I, No. 1 (2011)

[17] Janssens, M.L., Modeling of the thermal degradation of structural wood members
exposed to fire. Fire and Materials, 28, pp. 199-207, 2004.

[18] Spearpoint, M. & Quintiere, J., Predicting the burning of wood using an integral model.
Combustion and Flame, 123, pp. 308325, 2000.

[19] Bamford, C., Crank, J. & Malan, D., The combustion of wood, Part I. Proceedings
of the Cambridge Philosophical Society, 42, pp. 166182, 1946.

regulated by
fication, suck
do not requiz

accompanies
poses and i«
we provide &
scribed by m
dashed line =
tion stage (mis
The contro
application-s;
several factor
environment.

oriented pro

© 2011 WITP
ISSN: 2041-9031
DOI: 10.2495/S Al



International Journal of

ezﬁd
Engme@mng

An interdisciplinary journal
for research and applications

CONTENTS: Volume 1, Number 1, 2011

1  The integrated security system of the Vatican City State
F. GARZIA, E. SAMMARCO & R. CUSANI

Investigating the factors facilitating (A.O. safety and security) collaboration
in the chemicals sector
G. RENIERS

Designing an ideal concept of police for Mexico City
D. SANTOS-REYES & T. LAWLOR-WRIGHT

Thermal behaviour and toxic emissions of flame retarded timber in cone

calorimeter tests
D. TSATSOULAS

Experimental and numerical method for determining wood char-layer at high

temperatures due to an anaerobic heating
E.M.M. FONSECA & L.M.S. BARREIRA

Modeling of railway logics for reverse engineering, verification and

refactoring
E. FLAMMINI, A. LAZZARO & N. MAZZOCCA

137Cs: Parametric analysis of the Darcy velocity influence on the contaminant
concentration at receptor well
M.L. PACE

Papers in WIT Press Journals are Y b | .
referenced by the major m S"é‘“;-_é“é,’ij*é E& l_g_QS\t

index/referencing organizations: Shencarcrmone sttee

ISSN: 2041-9031 (print) Email: witpress@witpress.com
N: 2041-904X (online) Www.mritpress.c






